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Abstract 

Relationship of the ciliary GTPase, ARL13B, and the GPCR, SMOOTHENED  

By Eduardo D. Gigante 

 In vertebrates, the neurons of the brain and spinal cord are organized and specified during 

embryonic development. Cell fate decisions are influenced by extracellular ligands interacting 

with receptive progenitor cells. The progenitors of the neural tube are highly responsive to Sonic 

Hedgehog (Shh) ligand. In each progenitor, the core components of the Shh pathway dynamically 

localize to the membrane of the primary cilium. Shh ligand binds to its receptor Patched1 

(PTCH1), causing PTCH1 export from cilia and removing PTCH1 mediated suppression over the 

G-protein coupled receptor SMOOTHENED (SMO). Activated SMO promotes the formation of 

activating GLI transcription factors which induce Shh-dependent genes. The mechanism by which 

PTCH1 suppresses SMO and the endogenous substrate that activates SMO are unknown, but they 

are linked to cilia. The ciliary GTPase ARL13B regulates Shh signaling at multiple levels, 

influencing the production of activating GLI transcription factor and SMO trafficking to cilia. 

ARL13B function on SMO is elusive because it is masked by ARL13B’s downstream function. 

My central hypothesis is that ARL13B regulates the ciliary processes that activate SMO as its loss 

disrupts both SMO trafficking and Shh pathway activation. 

 This dissertation describes my work on the role of ARL13B in regulating the ciliary 

processes that traffic and activate SMO. I show that SMO activation of high level Shh signaling is 

dependent on its enrichment in cilia. I show that ARL13B regulates Shh signaling and the ciliary 

organization of the pathway’s components from outside cilia, effectively uncoupling ARL13B’s 

function from its location. I demonstrate new models of cystic kidney disease, and obesity and 

diabetes caused by excluding ARL13B from the ciliary environment. I present genetic evidence 

consistent with ARL13B function upstream of SMO, regulating a still unknown ciliary process. 

The core of this dissertation demonstrates that ARL13B plays an essential role in the regulation of 

SMO and the Shh pathway, and that it can fulfill this role from outside the cilium. Together, my 

results fill fundamental gaps in our knowledge of SMO activation and cilia and show that ARL13B 

has tissue specific ciliary and non-ciliary roles that still need to be deciphered. 
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CHAPTER 1 

CILIA-DEPENDENT HEDGEHOG SIGNALING AND ITS REGULATION BY CILIA 

PROTEINS 

Parts of this chapter previously published as: 

Gigante, E.D., and Caspary, T. (2020) Signaling in the primary cilium through the lens of the 

Hedgehog pathway. WIREs Developmental Biology. doi.org/10.1002/wdev.377 
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1.1  Introduction of cilia structure and function 

Cilia are microtubule-based, cell-surface projections encased in a plasma membrane that is 

continuous with, yet biochemically distinct from, the membrane of the cell. Cilia are templated 

from a modified centriole called the basal body (Marshall 2008). The basic architecture and 

components of the cilium are highly conserved through evolution (Pazour et al. 2000; Pazour et 

al. 2002a). Primary cilia, also called sensory or immotile cilia, are found on most cell types (Bangs 

et al. 2015). When viewed in cross section, nine microtubule doublets are arranged in a circular 

fashion to form the axoneme. Motile cilia (and synonymous flagella), have an additional central 

pair of microtubules that are critical for the ciliary machinery that generates force, and thus motility 

(Fawcett et al. 1954; Manton et al. 1952). Over the last two decades our understanding of primary 

cilia has shifted dramatically. While they were once thought to be vestigial organelles, cilia are 

now appreciated as fundamental cell organelles with essential roles in cell signaling throughout an 

organism (Barr et al. 1999; Pazour et al. 2000; Huangfu et al. 2003). Disruption of cilia proteins 

and processes leads to human diseases, collectively termed ciliopathies (Baker et al. 2009).  

The axoneme is the microtubule backbone of the cilium, composed of − and −tubulin 

polymers called protofilaments that are organized in doublets (Fawcett et al. 1954; Manton et al. 

1952). From within the cell, the basal body determines the position and orientation of the cilium 

on the cell surface, and it assists with the physical anchoring of cilium to the intracellular surface 

(Marshall 2008; Lechtreck et al. 1999). Immediately distal to the basal body is the transition zone 

that prevents proteins from freely entering or exiting the cilium. The transition zone is comprised 

of several proteins: Y-shaped proteins that link the axoneme to the ciliary membrane, the ciliary 

necklace that prevents protein diffusion along the membrane, and distal appendages that link the 

basal body to the cell membrane. Together, the proteins of the transition zone act as a diffusion 
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barrier, excluding large or improperly targeted proteins from entering the cilium  (Yang et al. 2018; 

Kee et al. 2012; Chih et al. 2011; Breslow et al. 2013; Lechtreck et al. 1999; Ishikawa et al. 2005; 

Reiter et al. 2012). Thus, the transition zone separates the cell from the cilium, creating an 

exclusive ciliary environment (Figure 1.1). 

Cilia provide a small and exclusive compartment where receptors and mediators of some 

signaling cascades rapidly interact to propagate intracellular responses. This is epitomized by G-

protein coupled receptor (GPCR) signaling as multiple GPCRs display ciliary enrichment (Corbit 

et al. 2005; Domire et al. 2011; Mukhopadhyay et al. 2013; Brailov et al. 2000; Handel et al. 1999). 

Vertebrate Hedgehog (vHh) signaling requires the primary cilium for signal transduction (Huangfu 

et al. 2005; Huangfu et al. 2003). It serves as an exemplar of cilia-dependent signaling as it requires 

activation of the GPCR, SMOOTHENED (SMO), within the cilium and is intensely studied 

(Corbit et al. 2005; Rohatgi et al. 2009). Despite the strong focus, there are unknowns surrounding 

Figure 1.1 Model of ciliary structure.  

The cilium is a microtubule projection comprised of 

9 microtubule doublets that make up the axoneme. 

The axoneme is anchored to the basal body, which 

resides in the cell. Trafficking into and out of cilia is 

regulated by the transition zone at the proximal end 

of the cilium. The transition zone is comprised of Y-

shaped linker proteins, ciliary necklace membrane 

proteins, and distal and sub-distal appendages. 

Together, the transition zone acts as a diffusion 

barrier, preventing the free movement of proteins 

into the cilium. Moreover, the transition zone 

regulates the active transport of proteins into and out 

of cilia. Finally, the transition zone provides 

structural support to the basal body and axoneme, 

anchoring the ciliary skeleton to the plasma 

membrane. Proteins are transported to the ciliary tip 

and back via anterograde and retrograde IFT, 

respectively. The ciliary membrane is contiguous to 

the cell’s plasma membrane but the ciliary 

membrane displays a distinct lipid composition 

being enriched for PI(4)P. 
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the cilia-dependent and independent mechanisms that regulate SMO trafficking to, activation, and 

enrichment in cilia.   

One ciliary protein that regulates SMO is the small atypical membrane associated GTPase 

ARL13B. This protein is detectable in cilia across model systems and in most ciliated cells. In 

mouse, loss of Arl13b disrupts Shh-dependent neural tube patterning in development (Caspary et 

al. 2007). Furthermore, SMO is aberrantly enriched in cilia, suggesting a role in SMO trafficking 

or ciliary exit (Larkins et al. 2011). Thus, my work aims to define the relationship among ARL13B, 

SMO and the primary cilium.  

 In this introduction, I will provide the background in four distinct areas, the intersection of 

which provide the basis of my investigations. First, I will introduce the cilium and the intraciliary 

machinery that help cilia function. Second, I will discuss Hh signaling focusing on the link between 

cilia and vHh signaling. This information is critical to understanding the dependence of the Sonic 

Hedgehog (Shh) pathway on the cilium. Third, I will introduce ARL13B and its multiple known 

roles before emphasizing ARL13B’s role in regulating Shh signaling. This will enable me to 

highlight the obligate transducer of the Hedgehog pathway, the GPCR SMO, in relation to cilia 

and ARL13B. Finally, I will discuss the evolutionary origin of the Hedgehog pathway’s 

dependence on cilia, and how examining the relationship between ARL13B and SMO will give us 

insight into this developmental change.  

1.2 The Role of Intraflagellar Transport (IFT) 

Cilia do not contain the molecular machinery for protein translation and synthesis so 

depend on a transport mechanism called intraflagellar transport (IFT) for moving proteins to, 

within, and from cilia (Rosenbaum et al. 1967). IFT refers to the transport process as well as the 
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class of proteins that mediate cargo transport. Initially described in the algae, Chlamydomonas 

reinhardtii, IFT is conserved in all ciliated species, including mammals (Kozminski et al. 1993; 

Rosenbaum et al. 2002; Pazour et al. 2002a; Pazour et al. 2000). A subcomplex of IFT proteins 

travels anterograde, to move ciliary cargos towards the distal tip of the cilium via a kinesin-2 

motor, whereas a distinct subcomplex of IFT proteins treks retrograde, to return proteins from the 

tip using a dynein-2 motor (Pazour et al. 1998; Kozminski et al. 1995). Therefore, IFT mediates 

the construction and maintenance of cilia (Kozminski et al. 1995; Kozminski et al. 1993). During 

ciliogenesis, − and −tubulin are added at the distal tip of the ciliary axoneme through IFT 

(Johnson et al. 1992). Disruptions in these processes lead to cilia anomalies. Cells lacking 

anterograde IFT lack cilia, whereas those lacking retrograde IFT display bulbous cilia due to a 

traffic jam of proteins trapped inside (Huang et al. 1977; Adams et al. 1982). When IFT stops, cilia 

shorten indicating IFT is also required for cilia maintenance (Marshall et al. 2001).  

1.3 Vertebrate Hedgehog signaling requires the cilium 

The initial link between vertebrate Hh signaling and cilia surprised the field primarily 

because invertebrate Hh signaling was well studied in Drosophila, where the pathway was 

identified (Nusslein-Volhard et al. 1980). While flies do have cilia, subsequent studies in fly IFT 

mutants did not reveal any defects in invertebrate Hh signaling. Planaria (Schmidtea mediterranea) 

possess both motile cilia and Hh signaling, but they are not functionally linked (Rink et al. 2009). 

In evolutionary terms, the earliest link between cilia and Hh is in sea urchin which use motile cilia 

to transduce Hh signaling in developing muscle tissue (Walton et al. 2009; Warner et al. 2014). 

Subsequently, within deuterostomes, all members within the vertebrate lineage require primary 

cilia for Hh signaling (Park et al. 2006; Huang et al. 2009; Tay et al. 2010; Glazer et al. 2010a). It 

remains unclear whether vertebrates use motile cilia, in addition to primary cilia, for Hh signaling.   
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In addition to testing individual organisms for functional links of Hh and cilia, several clues 

come from examining when proteins that link the processes evolved. IFT25 and IFT27 regulate 

vHh but are unique among IFT components as they are lost in C. elegans and Drosophila, 

suggesting they may not play essential roles in cilia. Mice without Ift25, ciliate normally, but die 

shortly after birth with phenotypes consistent with low Hh signaling (Keady et al. 2012). Ift27 

mouse mutants display similar phenotypes. IFT25 and IFT27 are required for the export of SMO 

and PTCH1 out of cilia so may have evolved specifically to traffic Hh components (Eguether et 

al. 2014; Liew et al. 2014).  

As the Hh pathway evolved to depend on the cilium, components of the Hh signaling 

pathway also evolved. Vertebrates have two Hh ligands in addition to Shh:  Desert (Dhh) and 

Indian (Ihh), which play tissue-specific roles. Originally, its known function was limited to germ 

cell differentiation and new functions are still being discovered (Bitgood et al. 1996). More 

recently, Dhh blocks adipogenic pathways, preventing the formation of fat deposits in injured 

muscle (Kopinke et al. 2017). Ihh is best known for roles in skeletal development (St-Jacques et 

al. 1999).  Similarly, the transcriptional mediator, Ci expanded to GLI1, GLI2 and GLI3 in 

vertebrates (Matise et al. 1998; Litingtung et al. 2000; Park et al. 2000; Alexandre et al. 1996; Hui 

et al. 1994). Components such as FUSED and SUFU exist in invertebrates and vertebrates but their 

functional importance is swapped as they evolved (Ruel et al. 2003; Svard et al. 2006; Cooper et 

al. 2005). KIF7 seems to carry out similar function in vertebrates to Costal-2 in invertebrates 

despite their poor sequence homology (Liem et al. 2009; Farzan et al. 2008). The exception is 

SMO, relatively unchanged; it is the sole, obligate transducer of the Hh pathway in both 
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invertebrate and vertebrate Hh signaling (Alcedo et al. 1996). (See (Briscoe et al. 2013) for a 

comparison of vHh and ivHh components). 

Cilia are essential to transduce Hh signaling in vertebrates. Disruption of anterograde IFT in 

Ift172 null mice ablates cilia resulting in a loss of all ventral cell fates in the developing neural 

tube, a Sonic Hedgehog (Shh)-dependent process (Huangfu et al. 2003) (Figure 1.2). The loss of 

ventral neural cell fates in Ift172 mutants phenocopies mutants lacking Shh, indicating IFT172 is 

required for Shh signaling (Chiang et al. 1996; Huangfu et al. 2003). Dnchc2lln mice, lacking a 

functional retrograde dynein motor, display bulbous cilia due to their protein trafficking defects 

and also do not specify ventral neural cell fates (Huangfu et al. 2005) (Figure 1.3). The simplest 

interpretation of defects in either anterograde or retrograde traffic leading to a loss of Shh response 

in the ventral neural tube is that the cilium itself is needed to transduce the pathway (Huangfu et 

al. 2003; Huangfu et al. 2005).  

The complexity of the mechanisms linking cilia and Shh signal transduction are highlighted 

by mutations in different cilia proteins impacting signal transduction in distinct ways.  Despite 

Figure 1.2 Neural tube cell fate 

specification. 

Shh ligand is produced in the 

notochord (nc) and floor plate (fp) of 

the ventral neural tube and creates a 

ventral-to-dorsal concentration 

gradient. The floor plate and fates 

closest to the notochord required higher 

levels of Shh that correlate with higher 

levels of Gli activator (GliA) 

transcription factor. From the roof plate 

Gli repressor (GliR) transcription 

factors promote dorsal cell fates like 

Pax7 and Pax6. Therefore, the 

patterning of the neural tube can be 

envisioned as opposing GliA and GliR 

gradients.   
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most retrograde mutants displaying no ventral neural cell fates, Ift122 and Ift139 mutants show 

bulbous cilia and increased Shh signaling within the neural tube (Cortellino et al. 2009; Tran et al. 

2008). Different cilia proteins impact the pathway to varying degrees or in multiple ways. Loss of 

the cilia-associated GTPase RAB23 leads to a dramatic expansion of ventral fates whereas loss of 

KIF7 results in a modest expansion of ventral fates (Eggenschwiler et al. 2001; Eggenschwiler et 

al. 2006); (Liem et al. 2009). Another ciliary GTPase, ARL13B, appears to both positively and 

negatively regulate Shh signaling as its loss causes both loss of the most ventral cell fates and 

expansion of the OLIG2-expressing domain (Caspary et al. 2007). Importantly, all these roles are 

conserved among vertebrates and cilia ablation in fish, frogs and other vertebrates leads to the vHh 

defects indicating that all vertebrates rely on cilia for Hh signal transduction (Huang et al. 2009; 

Chung et al. 2014; Chung et al. 2012).  

Figure 1.3 IFT mutants, like Shh mutants, fail to specify ventral cell fates.  

Ventral neural tube patterning (colored cell fates) is an in vivo readout of Sonic 

Hedgehog (Shh) pathway activation. Loss of Shh results in a complete loss of 

Shh-dependent ventral cell fates. Disruption of anterograde or retrograde IFT in 

Ift172wim and Dnchc2lln mutants results in a loss of Shh-dependent cell fates and 

ventral expansion of PAX6 (blue), which marks Shh-independent cell fates. As 

these mutants phenocopy Shh-/- mutants, the cilium itself is required for 

transduction of the Shh signaling pathway.  
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1.4 Vertebrate Hedgehog components dynamically localize to cilia 

In vertebrates, the link 

between cilia and Hh is reflected 

by the dynamic trafficking of the 

pathway’s core components in 

and out of cilia (Corbit et al. 

2005; Haycraft et al. 2005; 

Rohatgi et al. 2007) (Figure 

1.4). In the absence of Hh, 

PTCH1 is visible along the 

ciliary membrane (Rohatgi et al. 

2007). Upon stimulation with 

Hh, ciliary PTCH1 becomes 

undetectable whereas SMO is 

visibly enriched in cilia (Corbit 

et al. 2005). This enrichment is 

necessary for subsequent 

activation of SMO (Rohatgi et 

al. 2009). As SMO enriches in cilia, GPR161, a GPCR and negative regulator of Hh signaling exits 

cilia (Mukhopadhyay et al. 2013). Additional Hh components regulate GLI transport and 

processing, mediating pathway activation. Kinesin family member 7 (KIF7) is responsible for 

moving GLI2 and GLI3 to the ciliary tip by IFT (Liem et al. 2009; Endoh-Yamagami et al. 2009; 

Tay et al. 2005; Haycraft et al. 2005). The enrichment of the GLIs at the ciliary tip appears to be 

Figure 1.4. The major components of the Hedgehog 

pathway dynamically localize to cilia. (Left) In the absence 

of vHh, the PTCH1 receptor is enriched in cilia, suppressing 

the ciliary enrichment and activation of Smo. KIF7 aids in 

shuttling the SUFU-GLI complex to the ciliary tip. Negative 

regulator GPR161 activates adenylyl cyclase 3 (AC3), 

facilitating PKA activation. PKA phosphorylates the full length 

GLI (GLIFL) which promotes the formation of GLI repressor 

(GLIR). GLIR translocates to the nucleus and suppresses vHh-

dependent gene targets. (Right) vHh ligand binds PTCH1, 

which is subsequently removed from the cilium permitting 

ciliary Smo enrichment and activation (star). Activated Smo 

promotes the dissociation of the GLI-SUFU enabling activated 

GLI (GLIA) formation. GLIA translocates to the nucleus to 

promote Hh-dependent gene transcription. 
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an essential step in SMO signaling to the GLIs, and thus for pathway activation (Liu et al. 2005; 

Haycraft et al. 2005).  

Processing of the 3 GLI proteins is complex. Distinct phosphorylation of the full length GLI 

proteins determines processing to an activator form or cleavage to a repressor form. That said, 

GLI1 lacks the cleavage site so functions solely as an activator. In the neural tube, GLI2 acts as 

the predominant activator and GLI3 the prevalent repressor (Matise et al. 1998; Litingtung et al. 

2000). To process repressor in the absence of Hh ligand, suppressor of fused (SUFU) forms an 

inhibitory complex with full-length GLI3 (Svard et al. 2006). The complex traffics out of the 

cilium where the kinases protein kinase A (PKA), GSK3, and CKI  phosphorylate full-length 

GLI3, to promote its cleavage to GLI3 repressor (GLIR) (Hammerschmidt et al. 1996; Tuson et 

al. 2011; Fumoto et al. 2006; Barzi et al. 2010). To generate GLI2 activator when ligand is present, 

activated SMO promotes dissociation of the GLI2-SUFU complex and phosphorylation of full-

length GLI2 to its activator form (GLIA) at which point it is shuttled out of the cilium (Wen et al. 

2010; Tukachinsky et al. 2010; Kim et al. 2009; Humke et al. 2010). GLIA and GLIR translocate 

to the nucleus to influence Hh-dependent gene targets.  

In mutants lacking cilia or Shh, no ventral neural cell fates are specified because the relevant 

target genes are not induced. However, mutants lacking cilia die around E11.5 whereas those with 

no vHh signaling (Smo-/-) die at E9.0 (Kasarskis et al. 1998; Zhang et al. 2001; Caspary et al. 

2002). This highlights the distinct mechanisms underlying the absence of Shh-signaling dependent 

gene transcription when cilia are lost (Huangfu et al. 2003; Chiang et al. 1996). Loss of cilia ablates 

the formation of both GLI activator (GLIA) and GLI repressor (GLIR), so that target genes are 

neither activated nor repressed (Huangfu et al. 2005; Liu et al. 2005). In contrast, Smo single or 
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Shh/Ihh double mutants only produce GLIR so that target genes are repressed (Kasarskis et al. 

1998; Zhang et al. 2001). Thus, SMO mutants display a more severe phenotype as they repress 

targets in non-neural tube tissue that are not repressed in the absence of cilia alone. 

1.4.1 Other ciliary regulators of the Hedgehog pathway 

Other Hh pathway regulators are enriched within the cilium. TULP3 acts a negative regulator 

of the Hh pathway and localizes to the ciliary tip (Norman et al. 2009; Mukhopadhyay et al. 2010). 

Loss of TULP3 causes a failure of cilia proteins ARL13B and INPP5E to localize to cilia (Han et 

al. 2019). Both ARL13B and INPP5E are known for their influence over vHh pathway components 

(Caspary et al. 2007; Constable et al. 2020; Larkins et al. 2011; Chavez et al. 2015; Garcia-Gonzalo 

et al. 2015). Adenylyl cyclases (AC) are responsible for generating cyclic AMP (cAMP), the 

allosteric activator of protein kinase A (PKA), a negative Hh regulator (Hammerschmidt et al. 

1996). TULP3 is also responsible for recruiting the GPCR GPR161 to the cilium. GPR161 is 

coupled to stimulatory G-proteins that activate adenylyl cyclase (AC3) to increase cAMP levels 

(Bishop et al. 2007). Therefore, GPR161 acts as a negative regulator on vHh signaling through 

PKA. (Mukhopadhyay et al. 2013). GPR161 resides in cilia when the pathway is inactive. Ciliary 

SMO enrichment upon vHh activation promotes the removal of GPR161, and its inhibitory 

influence on the pathway, from cilia (Pal et al. 2016; Mukhopadhyay et al. 2013; Corbit et al. 

2005). There are exceptions, not all vHh regulators have been identified in cilia. Curiously, BOC, 

GAS1, and CDO are well-established coreceptors with PTCH1 for the Hh ligand, but have yet to 

be observed in cilia (Allen et al. 2011; Izzi et al. 2011). 
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1.5 The ciliary membrane 

The ciliary membrane is contiguous with the cell’s plasma membrane, yet the distinct lipid 

composition of the ciliary membrane provides a specialized environment for signaling pathways. 

Phospholipids comprise the most abundant lipid on the plasma and ciliary membranes 

(Saarikangas et al. 2010). The composition of the ciliary membrane is particularly enriched for 

phosphoinositol-4- phosphate (PI(4)P) compared to the plasma membrane. This distinction is 

mediated, in part, by the inositol polyphosphate -5-phosphatase, INPP5E. INPP5E is trafficked to 

cilia in a complex containing the regulatory GTPase ARL13B and the phosphodiesterase PDE6D 

(Humbert et al. 2012; Nozaki et al. 2017). Defects in proteins critical to the transition zone result 

in INPP5E not localizing to cilia, causing changes to the ciliary membrane phospholipid 

composition (Garcia-Gonzalo et al. 2015; Slaats et al. 2016).  

INPP5E is enriched in cilia and removes the 5-phosphate from PI(3,4,5)P3 (preferred 

substrate) and PI(4,5)P2 (hereafter called PIP3 and PIP2 respectively) membrane lipids that 

influence signaling pathways (Kisseleva et al. 2000). Loss of Inpp5e results in a loss of ciliary 

PI(4)P and an increase in ciliary PIP2 (Chavez et al. 2015; Garcia-Gonzalo et al. 2015; Jacoby et 

al. 2009; Bielas et al. 2009). This causes PIP2 and PIP3 substrates to accumulate at the transition 

zone, disrupting the organization of transition zone scaffolding proteins. These data suggest that 

PIP composition may be critical to regulating protein entry and/or exit at the transition zone (Dyson 

et al. 2017). Moreover, TULP3 is a PIP2 binding protein so increased ciliary PIP2 promotes TULP3 

and its associated GPR161 to localize within cilia (Badgandi et al. 2017; Garcia-Gonzalo et al. 

2015). In vitro, this results in a dampened vHh response (Chavez et al. 2015; Garcia-Gonzalo et 

al. 2015). In vivo, Inpp5e mutants display increased Shh response in the caudal neural tube which 

corrects over time (Constable et al. 2020). It is unclear whether these differences are due to tissue-
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specific context, the duration of signaling or another factor. Nonetheless, the biochemical 

composition of the ciliary membrane is critical for vHh signal transduction. 

Sidebar on cilia history and ciliopathies. 

Cilia are not recent evolutionary structures, they are ancient. The earliest description of 

cilia dates to 1675 by Anthony Van Leeuwenhoek, describing “incredibly thin feet or little 

legs, which were moved very nimbly” while observing protozoa in water droplets (Dobell 

1932). These cilia, or flagella, were defined by their active motility that provided propulsion. 

After Van Leeuwenhoek’s discovery, 200 years passed before the primary cilium was 

identified in the late 19th century. Zimmerman identified the “central flagella” and 

hypothesized that it had a sensory role (Zimmermann 1898). Again, a significant amount of 

time passed before their rediscovery in 1968 when the primary cilium was identified in lung 

epithelium (Sorokin 1968). In the decades since, researchers characterized the molecular 

machinery that regulate cilia and flagella, the intraflagellar transport (IFT) system, through 

work in the biflagellate algae, Chlamydamonas (Kozminski et al. 1993). Because cilia are 

ancient structures the basal machinery that establish and maintain cilia are well conserved 

throughout evolutionary history.  

The last twenty years have seen a rapid expansion in our knowledge and appreciation of 

mammalian cilia. It began with the discovery of nodal cilia in the early embryo that are 

responsible for the establishment of left-right patterning (Nonaka et al. 2002; Nonaka et al. 

1998). This was followed by the discovery that polycystins in the nematode C. elegans, 

previously known for their role in polycystic kidney disease, are conserved cilia proteins 

(Barr et al. 1999). The discovery that polycystic kidney disease gene TG737 is in fact IFT88, 

previously discovered in Chlamydomonas, further linked kidney disease and cilia function 

(Pazour et al. 2000). Then, in 2003, Kathryn Anderson’s lab discovered in mouse that 

Hedgehog signaling requires the primary cilium to function (Huangfu et al. 2003). This result 

shocked the field. Developmental biologists had been studying Hedgehog in vertebrates for 

nearly a decade without knowing that the system is linked to cilia.  

Cilia biology benefits enormously from human genetics and visa-versa. Indeed, several 

of the major protein complexes in cilia are named due to the disease through which the 

relevant proteins got identified. These include the BBSome, named for Bardet-Biedl 

syndrome; the NPHP complex derived from nephronophthisis, and the MKS complex 

which originated from Meckel-Gruber syndrome. As complete ablation of cilia is 

embryonic lethal in mammals, ciliopathies are often caused by missense mutations that 

create hypomorphic alleles (Reiter et al. 2017; Waters et al. 2011). In addition to such 

disease-causing mutations being hugely informative to understand the diverse and specific 

functions of cilia proteins, ciliopathies present an interesting lack of genotype-phenotype 

correlation. In families in which distinct ciliopathy patients carry the same mutation, they 

can display quite different phenotypes. Oligogenicity is proposed to play a role but whole 

genome sequencing revealed that ciliopathies are Mendelian disorders with autosomal 

recessive mutations driving the disease (Shaheen et al. 2016). The variation in penetrance is 

likely due to modifiers. Thus, cilia biology and cilia-associated disease inform one another 
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1.6 Cilia protein and GTPase ARL13B  

ARL13B is an Arf-like (Arl) GTPase, with a N-terminal GTPase domain containing the typical 

switches, and a long atypical C-terminal domain. As a regulatory GTPase, ARL13B acts as a 

molecular switch, cycling between inactive GDP-bound and active GTP-bound states. The 

exchange process is mediated by guanine nucleotide exchange factors (GEFs) that exchange bound 

GDP for GTP, and GTPase activating proteins (GAPs) that promote the hydrolysis of GTP to GDP. 

In the GTP bound state, Arfs and Arls associate with membranes where they facilitate cellular 

functions. Most commonly, Arfs and Arls are implicated in the regulation of membrane trafficking, 

in addition to other cellular roles. GTPases can have multiple downstream effectors and each 

GTPase can be targeted to several locations within a cell. It is thought that the control of GTPase 

localization is central to the determination of its cellular function (Kahn et al. 2014). Because 

GTPases can have multiple effectors, it is likely that a GTPase will have multiple targets at any 

specific location in the cell. For that reason, I will initially focus on discussing ARL13B’s ciliary 

localization before moving into a discussion of ARL13B functions. 

ARL13B localizes primarily at the ciliary membrane but it can be found elsewhere in the cell, 

a common trait of GTPases (Casalou et al. 2014; Barral et al. 2012; Caspary et al. 2007). ARL13B 

associates with the plasma membrane through post-translational modifications at the N-terminus. 

Cysteine residues C8 and C9 can be palmitoylated, promoting ARL13B anchoring to the cell 

membrane (Casalou et al. 2014; Seixas et al. 2016; Cevik et al. 2013; Mariani et al. 2016). 

Therefore, mutations of these residues can prevent ARL13B’s ability to localize to cilia (Cevik et 

al. 2010; Roy et al. 2017). In addition, a VxPx motif in ARL13B’s novel C-terminal domain is 

necessary for its ciliary localization (Mariani et al. 2016). Mutation of this sequence can preent 

accumulation of ARL13B in cilia, but this does not appear to affect the majority of ARL13B’s 
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functions (Mariani et al. 2016). In fact, this cilia-excluded point mutant rescued Arl13b null 

phenotypes in cells (Mariani et al. 2016). ARL13B is concentrated at the cilium and therefore easy 

to visualize, but cellular ARL13B (ARL13BV358A) does not coalesce around the base of the cilium 

or a secondary cellular organelle, making it very difficult to locate outside the cilium (Mariani et 

al. 2016). Like other GTPases, ARL13B has multiple localizations and serves distinct functions at 

each locale. In the following section I will introduce ciliary and non-ciliary functions of ARL13B.  

1.6.1 The ciliary and non-ciliary functions of ARL13B 

ARL13B is evolutionarily conserved as a cilia protein. The Arl13b gene was first cloned 

in zebrafish (Arl13bsco) and its function linked kidney duct formation (Sun et al. 2004). In mouse, 

a null allele of Arl13b (Arl13bhnn) was pulled out of a forward genetic screen and its function 

characterized in the developing neural tube (Caspary et al. 2007; Garcia-Garcia et al. 2005). 

ARL13B is present in nearly every type of cilia. Experiments in vitro and in vivo show that loss of 

Arl13b results in fewer ciliated cells and shorter cilia (Caspary et al. 2007; Larkins et al. 2011). 

However, in the kidney loss of Arl13b ablates cilia entirely. Cilia loss causes kidney cyst 

formation, suggesting ARL13B has an important role in ciliogenesis that is more critical in some 

contexts than others (Seixas et al. 2016). An examination of cilia in Arl13b mutants by 

transmission electron microscopy revealed a defect in microtubule outer doublet of the axoneme 

(Caspary et al. 2007). This prevented the B-tubule from attaching to the A-tubule, suggesting 

ARL13B has a specific role in the assembly of the microtubule outer doublets. Because of this 

structural defect, the assumption was that it caused the Shh signaling defects observed in Arl13bhnn 

mutants (Caspary et al. 2007). ARL13B is also responsible for coordinating the ciliary trafficking 

of other cilia proteins. ARL13B promotes the localization of INPP5E to cilia in a complex with 

phosophodiesterase 6D (PDE6D) and CEP164 (Humbert et al. 2012). ARL13B acts as the GEF 
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for ARL3, another ciliary GTPase and Joubert Syndrome causing gene (Gotthardt et al. 2015; 

Ivanova et al. 2017; Alkanderi et al. 2018). Disruptions in Arl3 are known to cause degenerative 

phenotypes in retina, linking Arl3 to both trafficking of lipidated cargos and IFT as loss of Arl3 

prevents cilia formation (Hanke-Gogokhia et al. 2018; Hanke-Gogokhia et al. 2016). 

Understanding ARL13B’s functions is complicated, not only because its diverse presence 

in ciliated tissues suggests it serves multiple functions, but also because it is not exclusively a cilia 

protein. ARL13B may be involved in actin restructuring at the intracellular surface plasma 

membrane, through which it could influence many different cell functions (Casalou et al. 2014). 

GTP-bound ARL13B binds to subunits of the exocyst, a protein complex important in vesicle 

trafficking and targeting of vesicles from the Golgi to the plasma membrane (Seixas et al. 2016). 

This interaction is essential in kidney, where depletion of Arl13b and Sec10, an exocyst subunit, 

results in a loss of cilia and thus worsening of cystic kidney phenotypes. In parallel, there is 

evidence of ARL13B regulating endocytic trafficking, as ARL13B colocalizes with markers of 

endocytic recycling (Barral et al. 2012). In the developing cortex, ARL13B plays a critical role in 

the initial formation of the polarized radial glia scaffold (Higginbotham et al. 2013). In these cells, 

the loss of Arl13b causes a disorganization of neuronal placement in the developing cortex through 

disruption of neuronal migration (Higginbotham et al. 2012). ARL13B has a role in axon guidance 

as loss of Arl13b in commissural projection neurons causes disorganization of axons projecting 

from the dorsal to ventral neural tube. This is likely due to loss of Arl13b at the axon terminal, 

rather than at the cilium as axon guidance is normal in cilia-excluded Arl13bV358A mutants (Ferent 

et al. 2019). Although, an ex vivo study of axon guidance in dissociated neurons found that cilia-

excluded ARL13BV358A was insufficient to rescue axon guidance defects (Zhang et al. 2004). 

Together, these data show that ARL13B serves many functions both in- and out of cilia.  
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1.6.2 The evolution of ARL13B 

ARL13B is an evolutionarily conserved regulatory GTPase, present in the last eukaryotic 

common ancestor. Arl13 is an ancient protein that is lost in species lacking cilia (Li et al. 2004; 

Logsdon et al. 2004; Kahn et al. 2008; East et al. 2012; Schlacht et al. 2013). In species with cilia 

that lack Hh signaling such as C. elegans and C. reinhardtii, Arl13 mutants display cilia defects 

(Cevik et al. 2010; Warburton-Pitt et al. 2014; Miertzschke et al. 2014; Cantagrel et al. 2008). In 

C. elegans, Arl13 mutants can have several defects including; bulbous cilia, cilia that are truncated, 

disorder of the axoneme, or a complete loss of cilia (Cevik et al. 2010).  In mouse, Arl13b mutants 

also show axonemal defects in the closing of the B-tubule doublet and cilia are frequently shorter 

than normal (Caspary et al. 2007; Larkins et al. 2011). Together this indicates Arl13/ARL13B has 

a highly conserved role in ciliary function (Cevik et al. 2013; Cevik et al. 2010; Warburton-Pitt et 

al. 2014; Gotthardt et al. 2015; Miertzschke et al. 2014).  

1.6.3 ARL13B is one of 35 cilia genes that cause Joubert Syndrome 

In humans, mutations in ARL13B cause an autosomal recessive ciliopathy Joubert 

Syndrome (JS) (Cantagrel et al. 2008; Doherty 2009; Parisi 2019; Thomas et al. 2015; Rafiullah 

et al. 2017; Kniffin 10/30/2018). ARL13B is one of 35 genes whose mutations may be causative 

for JS, all of which (except one, ) are cilia associated, thus making cilia the central factor and 

implicating ciliary ARL13B in preventing JS (Chaki et al. 2012; Parisi 2019; Parisi et al. 2017). 

Several JS causing mutations have been discovered in ARL13B. The majority of JS causing 

mutations are found in the GTP sensing N-terminus, and one in the coiled-coil domain. 

Researchers have used JS causing, and engineered mutations, to characterize the functions of 

ARL13B (Figure 1.5). In particular, disease causing mutations Y86C, R79Q, and R200C are all 

devoid of GEF activity for ARL3, supporting ARL13B action as an effector for ARL3 (Ivanova et 
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al. 2017). Furthermore, ARL3 has also been identified as a JS causing gene, suggesting that 

ARL13B induced JS is linked to ARL3 dysfunction (Alkanderi et al. 2018). There are also JS 

causing mutations in INPP5E that cluster in the  phosphatase domain, impairing 5-phosphatase 

activity and altering the membrane composition of phosphoinositides (Bielas et al. 2009). As 

previously mentioned, ARL13B promotes the localization of INPP5E to cilia in a complex with 

phosphodiesterase 6D (PDE6D) and CEP164 (Humbert et al. 2012). Several JS causing cilia genes 

have been identified, but they do not all share the same phenotypes. The exception is the diagnostic 

criteria for JS, a distinctive malformation of the cerebellum and brain stem, commonly referred to 

as the molar tooth sign (Maria et al. 1997). Patients with JS also present with a range of phenotypes 

 
Figure 1.5 A diagram of the Arl13b gene and protein with engineered- and disease-causing 

mutations. 

The Arl13b gene with labeled exons and below it a linear representation of the ARL13B protein. 

ARL13B is split into two halves, a conserved GTP-binding N-terminus and a novel C-terminus. The 

protein is labeled with engineered mutations (black) and disease-causing mutations (red). Beginning 

in ascending order. Mutations C8S/C9S removes palmitoylation sites that causes mislocalization of 

ARL13B to the cell body, diffuse in the cytosol (Cevik et al. 2010). Mutations V22G and N145S were 

identified in a compound heterozygous JS patient (Bachmann-Gagescu et al. 2015). The T35N 

mutation does not change ARL13B localization, but it is unable to rescue null phenotypes in zebrafish 

mutants (Duldulao et al. 2009). Mutations G75R and R79Q were identified in patients with 

homozygous mutations (Rafiullah et al. 2017). The R79Q mutation decreases GTP binding and poorly 

rescues arl13b null phenotypes in zebrafish (Cantagrel et al. 2008). The R83Q mutation in worms 

permits normal ciliary localization, but only partially rescues dye filling null phenotypes (Li et al. 

2010). Compound heterozygous patients for W82X and R200C, R200C poorly rescues arl13b null 

phenotypes in zebrafish (Cantagrel et al. 2008). R200H and Y86C are homozygous patient mutations, 

patients with Y86C are the only ARL13B JS patients with obesity (Thomas et al. 2015; Shaheen et al. 

2016). In the C-terminus, only two mutations have been reported, the N225K disease causing mutation 

and the CRISPR engineered V358A mutation (Shaheen et al. 2016). ARL13BV358A is able to rescue 

Arl13b null phenotypes in cells, but it is undetectable in cilia (Mariani et al. 2016).  
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including: respiratory abnormalities, retinal disease, renal disease and hepatic disease (Parisi 2019; 

Thomas et al. 2015; Romani et al. 2013; Doherty 2009; Cantagrel et al. 2008).  

1.6.4  ARL13B regulates Sonic Hedgehog signaling and ciliary trafficking of Hedgehog 

components 

In mouse, the Arl13b null allele hennin (hnn) mutants have developmental defects linked 

to impaired Shh signaling (Caspary et al. 2007). ARL13B, which is normally highly enriched in 

cilia is absent from cilia in hnn mutants, suggesting Arl13bhnn is a null allele. The T-to-G causative 

hnn mutation maps to the splice acceptor site of exon 2 of Arl13b. Western blot analysis in embryos 

revealed a lack of ARL13B protein, confirming hnn is indeed a null allele. Arl13bhnnembryos have 

a bifurcated and open head or exencephaly, a rough neural tube, and spina bifida. Loss of Arl13b 

also disrupted Shh-dependent neural tube patterning. While Shh is normally expressed in the 

notochord and floor plate of the neural tube, in Arl13bhnn embryos it is only present in the 

notochord. At the same time, characterization of Shh-dependent transcription with a Ptch1-LacZ 

allele revealed ligand-independent Shh gene transcription expanded across the dorsal-ventral axis 

of the neural tube. Normally, the PTCH1-LacZ gradient is steep, but in Arl13bhnn mutants it is 

relatively shallow, suggesting there is low-level constitutive activation of the pathway. The result 

is a ventral and dorsal expansion of low-level Shh-dependent cell fates Olig2 and Hb9. These data 

clearly support a role of ARL13B in the regulation of the Shh pathway.  

Deciphering the relationship between ARL13B and SMO is a complicated task and may 

be due to ARL13B function at multiple steps in the Shh pathway. There is genetic evidence 

consistent with Arl13b function downstream of SMO from a cancer model of Shh-signaling, the 

malignant pediatric brain tumor medulloblastoma. The medulloblastoma is generated by a 
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constitutively active form of SMO that over activates the Shh transcriptional pathway (Xie et al. 

1998). In this model, the deletion of Arl13b blocks SMO-induced Shh pathway activation (Bay et 

al. 2018). These data support ARL13B function downstream of SMO. However, data in mouse 

reveal that the relationship is not so simple. In the mouse neural tube, loss of Smo prevents the 

establishment of any Shh-dependent ventral cell fates (Kasarskis et al. 1998). Conversely, loss of 

Ptch1 derepresses SMO, resulting in over establishment of Shh-dependent ventral cell fates 

(Caspary et al. 2002). If ARL13B simply functions downstream of SMO, then in both models the 

loss of both Arl13b should result in a phenotype similar to loss of Arl13b alone (Caspary et al. 

2007). In both examples I have described, if ARL13B simply functions downstream of SMO, then 

the expected outcome of both experiments should be a double mutant that phenocopies the Arl13b 

mutant. This was not the outcome. Instead, both double mutants had intermediate phenotypes 

Figure 1.6 Loss of Arl13b modulates Ptch1, 

and Smo null phenotypes.  

(A) In Arl13bhnn mutants the neural tube is 

sparsely populated by Nkx2.2 positive cells 

(Orange) and predominantly Olig2 (Purple) and 

Hb9 (Red) positive cells. Shh (green) is still 

produced in the notochord. Loss of Ptch1 causes 

unabated activation of SMO, so the neural tube is 

dominated by FoxA2 (Blue) positive cells, and 

the neural tube fails to close. In Arl13bhnn Ptch1 

double mutants the neural tube is closed, and the 

embryo survives a few days more, suggesting a 

suppression of the hyperactive Shh pathway and 

Arl13b function downstream of Ptch1. (B) The 

neural tube of Smo mutants has no ventral cell 

fates. In Arl13bhnn Smo double mutants, low-level 

Olig2 positive cells are present, suggesting that 

Arl13b functions downstream of Smo.  
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(Figure 1.6). Together, they suggest that the relationship between ARL13B and SMO is more 

complicated and support a model where ARL13B functions both upstream and downstream of 

SMO. But what is the role of ARL13B upstream of SMO?  

Analysis of SMO localization in Arl13bhnn cells revealed trafficking and localization 

defects. The dynamic localization of Hh components to cilia is a hallmark of the pathway’s 

dependence on cilia. Critically, SMO is only enriched in cilia upon Hh pathway activation and the 

ciliary exit of its repressor PTCH1. However, in cells lacking Arl13b, SMO is abnormally enriched 

in cilia alongside PTCH1 (Larkins et al. 2011). Furthermore, SMO enrichment in cilia is usually 

uniform, but in Arl13bhnn mutants it is punctate and compartmentalized in a proximal portion of 

the cilium (Figure 1.7). These data are consistent with ARL13B functioning at the level or 

upstream of SMO.   

The ciliary processes that regulate SMO trafficking and activation are still being worked out 

Therefore, the mechanisms that ARL13B regulates to influence SMO trafficking are not known. 

Figure 1.7 Loss of Arl13b impacts SMO trafficking and Gli activator. 

Moving from left to right. (1) When Shh ligand is absent, SMO is absent from cilia and only Gli 

repressor (GliR) is made, blocking Shh-dependent gene transcription. (2) In the presence of Shh, 

SMO is activated and enriched in cilia, promoting the production of Gli activator (GliA). (3) When 

ARL13B is lost cilia are visibly shorter. SMO is aberrantly enriched in cilia but not activated, and 

normal levels of GliR with low-level Shh-independent GliA. (4) When ARL13B is lost and Shh is 

present, SMO is still in cilia and is promoting GliA production, blocking GliR, but because 

ARL13B is absent only low levels of GliA are achieved. In both 3 and 4, the assumption is that 

enriched SMO is not activated, at least not to its full level.  
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Given that ARL13B is responsible, directly or indirectly, for regulating the ciliary membrane 

composition perhaps it also organizes the ciliary processes that facilitate SMO activation (Humbert 

et al. 2012). Most compelling is the evolutionary link between ARL13B and the Shh pathway. 

Arl13 duplicated to Arl13a and Arl13b in the urochordates, about the time in the deuterostome 

lineage in which Hh became functionally linked to primary cilia (Schlacht et al. 2013; Li et al. 

2004; Kahn et al. 2008; East et al. 2012; Logsdon et al. 2004). Thus, ARL13B may be critical to 

the mechanism that solidified Hh signaling using the cilia within the deuterostomes, linking 

ARL13B function to SMO activation. 

1.7 G-Protein coupled receptor SMOOTHENED 

SMO is a member of the Frizzled (F-class) GPCR family. F-class GPCRs are classic seven 

transmembrane GPCRs, uniquely defined by their large extracellular, N-terminal cysteine rich 

domain (CRD) (Alcedo et al. 1996). In FRIZZLED (FZD) receptors, this domain readily associates 

with the WNT ligand (Janda et al. 2012; Dann et al. 2001). Despite sharing a receptor class with 

FZD receptors, and unlike them, SMO does not directly bind to the Hh ligand.  Instead, Hh binds 

PTCH1 which removes suppression of SMO and permits SMO activation (Taipale et al. 2002). 

Currently, the endogenous ligand responsible for SMO activation is unknown, leading to SMO   

classification as an orphan receptor. In this section I will introduce SMO so that I might compare 

and contrast it with other GPCRs. This information serves as a foundation for the following section 

where I discuss known GPCR function in the cell and the cilium, highlighting the similarities and 

differences. 
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1.7.1 SMOOTHENED has the structural hallmarks of a GPCR 

There are over 800 different GPCR genes, of which more than half encode olfactory 

GPCRs, and others are critical for vision and taste (Takeda et al. 2002). GPCRs are typically 

integrated in the plasma membrane and stimulated by binding of an extracellular ligand. SMO 

contains all the hallmarks of a GPCR. It has an N-terminal extracellular domain, 7 transmembrane 

-helices, and a C-terminal intracellular domain (Figure 1.8). Unique to SMO and other F-class 

receptors is the large N-terminal cysteine rich domain (CRD) that is connected to the 

transmembrane domains by a smaller linker domain. Like all GPCRs, SMO is thought to undergo 

a conformational change when activated. This conformational change alters the orientation of the 

CRD relative to the transmembrane domains through a bend in the linker domain (Zhao et al. 2007; 

Huang et al. 2018; Byrne et al. 2016). The CRD plays an essential role in the activation of SMO 

and may be involved in the translocation and enrichment of SMO in cilia (Aanstad et al. 2009; 

Myers et al. 2017).  

Figure 1.8. G-protein coupled receptor 

SMO. 

Smoothened is an F-class G-protein 

coupled receptor (GPCR) defined by the 

N-terminal cysteine rich domain (CRD) 

containing small -helices and ligand 

binding domains. A linker domain (LD) 

connects the CRD with the 7 

transmembrane (TM1-7) domain of the 

receptor. The intracellular loop 3 (IC3) 

associates with intracellular Gi G-

proteins that are activated following the 

conformational change. The intracellular 

C-terminal (C-T) tail is critical for SMO 

transport and enrichment in cilia. 

Mutations to the C-T affect ciliary SMO 

traffic (Chen et al. 2011; Corbit et al. 

2005). 
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Conformational changes can promote the dissociation of intracellular G-proteins for signal 

transduction. Inactive GPCRs associate with intracellular G-proteins, and it is through these 

heterotrimeric complexes that the receptors influence intracellular pathways. The heterotrimeric 

G-protein complex can be separated into three subunit families; G, G, and G. Together the 

heterotrimeric complex, G binds the intracellular loops of GPCRs. In an inhibitory state, the 

G complex serves to directly inhibit the G subunit (Lambright et al. 1996). When a GPCR is 

bound by an agonist and activated, the receptor undergoes a conformational shift that promotes 

the dissociation of the G-protein complex from the receptor. After which, the G subunit separates 

from the  subunits through the exchange of GDP for GTP. The dissociation of the G subunit 

from the G subunit frees both to influence downstream signaling in second messenger pathways. 

The G proteins can be sub-divided into four families, each with different signaling properties. To 

overcome the homology among the G subunits, individual GPCRs are selective of which G-

proteins they bind to for their appropriate signal transduction (Flock et al. 2017; Van Eps et al. 

2018). This allows them to stimulate a variety of pathways, affecting adenylyl cyclases, 

phospholipases, and phosphokinases, in turn activating second messenger pathways such as cyclic 

AMP (cAMP), PIP3, arachidonic acid, and calcium.  

 It is not yet clear which G subunit(s) associate with SMO. There are data that SMO binds 

Gi-inhibitory G-proteins, and does not bind to Gs or G13 (Polizio et al. 2011; Riobo et al. 2006; 

Qi et al. 2019; Decamp et al. 2000; Ogden et al. 2008). Yet, GLI activity is influenced by Gs, 

G13, and Gi suggesting additional GPCRs that function through Gs and G13 must be capable 

of modulating vertebrate Hh responses in cilia (Douglas et al. 2011; Barzi et al. 2011; Rao et al. 

2016). One candidate is GPR161, a cilia-associated Gs-coupled GPCR, which negatively 
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regulates Hh signaling (Mukhopadhyay et al. 2013). While the details of SMO’s G-protein 

coupling remains uncertain, SMO-G fusion proteins are now a useful tool to for assaying SMO’s 

conformational state and thus activation indicating that SMO functions like other GPCRs (Myers 

et al. 2017).  

1.7.2 Exogenous ligands inform our understanding of SMOOTHENED mechanisms 

SMO is well studied as a drug target for 

cancer therapy purposes,  therefore 

pharmacological compounds that alter its 

activity are informative in revealing 

mechanisms important for SMO activation 

(Rohatgi et al. 2009; Chen et al. 2002a; Chen et 

al. 2002b) (Figure 1.9). The caveat of these 

drugs is that they do not activate SMO through 

the endogenous mechanism, which involves the 

removal of PTCH1 mediated suppression by a 

Hh ligand. SMO, like other GPCRs, contains a 

heptahelical transmembrane domain to which 

several exogenous compounds are known to 

bind and either activate or inhibit SMO 

function. Two antagonists, SANT-1 and 

cyclopamine, block Shh-induced activation of 

SMO by binding in the ligand binding pocket of 

the heptahelical transmembrane domain and 

 

Figure 1.9 SMOOTHENED activation is 

considered a two-step process. 

As the obligate transducer of the Shh signal, 

there is a great deal of regulation and focus on 

SMO. As discussed, SMO activation is a multi-

step process that can be best explained through 

the use of exogenous ligands or point mutation. 

Consider the three states of SMO presented in 

this figure. SMO can be out of cilia and inactive, 

in cilia and inactive, or in cilia and active, 

possible through treatment with SMO 

antagonist (SANT1), antagonist Cyclopamine, 

or agonist SAG. Our current understanding of 

SMO is that it cycles in and out of cilia in an 

inactive state, depicted here as two opposing 

horizontal arrows. SMO entry into cilia can be 

restricted by SANT1, and SANT1 can block Shh 

or SAG induced activation of SMO. 

Cyclopamine provides the most interesting 

effect, it moves SMO into cilia, but prevents 

SMO activation, highlighting two states of 

activation. Finally, SAG accomplishes both, it 

moves SMO into cilia and activates the receptor. 

The central question of my thesis is how 

ARL13B contributes to these activation states of 

SMO. This figure is adapted from (Rohatgi et al. 

2009). 
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preventing activating conformational changes in SMO (Rohatgi et al. 2009; Chen et al. 2002a; 

Chen et al. 2002b). While both ligands antagonize endogenous SMO activation, SMO localization 

is distinctly modified under the two conditions. SANT1 prevents SMO ciliary enrichment whereas 

cyclopamine induces SMO ciliary enrichment (Frank-Kamenetsky et al. 2002; Chen et al. 2002a). 

These data indicate that ciliary SMO enrichment is not synonymous with SMO activation and 

demonstrate that the trafficking of SMO to cilia is distinct  from its activation (Rohatgi et al. 2009).  

There is further support for a model wherein SMO activation and SMO enrichment are 

separate, but linked processes. SM agonist (SAG) binds the same ligand-binding pocket as the 

antagonists and promotes the conformational change necessary for SMO activation, and SAG 

treatment results in ciliary SMO enrichment (Chen et al. 2002b). All three ligands bind to the same 

pocket and each modulate SMO behavior, separating the two functions of enrichment and 

activation. Moreover, an activated variant of SMO identified in basal cell carcinoma, SMOW539L, 

is highly enriched in cilia and results in high levels of Hh response (Xie et al. 1998; Taipale et al. 

2000; Corbit et al. 2005). Despite its constitutively active status, SMOW539L still requires normal 

cilia to activate the Hh pathway (Ocbina et al. 2008). SMOW539L constitutive activation of the Hh 

pathway be block through disruption of PKA mediated SMO-Inversin associations at the base of 

the cilium (Zhang et al. 2019). Together, these data support a model wherein SMO is fully 

activated within cilia and that ciliary enrichment is necessary, but not sufficient, for SMO 

activation indicating that the process of SMO transport to cilia and its activation are 

mechanistically distinct (Wilson et al. 2009; Rohatgi et al. 2009). 
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1.7.3 Additional Ciliary GPCRs  

SMO is one of many GPCRs demonstrated to enrich in primary cilia. Rhodopsin in the 

photoreceptor cells of the retina is the best-known example. This light-sensitive GPCR is found in 

disc-like membranes within the modified cilium of the rod cell (Röhlich 1975; Jan et al. 1974). 

Olfactory receptors are uniquely regulated so that only one variety of receptor is expressed in any 

one olfactory neuron. Olfactory neurons have multiple, long cilia where the olfactory receptors are 

concentrated. Through specific odorants, the olfactory receptors provide our sense of smell (Buck 

et al. 1991; Chess et al. 1994). A host of additional GPCRs are also localized to primary cilia 

including: somatostatin receptor 3 (SSTR3), melanin-concentrating hormone receptor 1 

(MCHR1), serotonin receptor 6 (5HT6), dopamine 1 receptor 1 (D1R), neuropeptide Y receptor 2 

(NPY2R), kisspeptin receptor 1 (KISS1R) and GPR161 (Handel et al. 1999; Berbari et al. 2008b; 

Shimada et al. 1998; Hamon et al. 1999; Brailov et al. 2000; Schulz et al. 2000; Marley et al. 2010; 

Domire et al. 2011; Loktev et al. 2013; Mukhopadhyay et al. 2013). Adenylyl cyclases, the GPCR 

signal transducers, are also found in cilia and are expressed in a tissue-specific manner. For 

example, neuronal cilia express adenylyl cyclase (AC3), whereas AC6 and AC5 are more common 

in bone and  kidney, respectively (Bishop et al. 2007; Kwon et al. 2010; Wang et al. 2018). While 

the distinct ligands contribute to the functional differences among ciliary GPCRs they also work 

via distinct second messenger cascades. For instance, MCHR1 and KISS1R are peptide receptors 

that influence neurotransmission and endocrine signaling (Yasuda et al. 1992; Kotani et al. 2001; 

Berbari et al. 2008b). These receptors can signal through Gq coupling, influencing both Ca2+ 

mobilization and phosphatidylinositol turnover (Fry et al. 2006; Kotani et al. 2001). In contrast, 

GPR161, 5HT6, and SSTR3 influence intracellular levels of cAMP, modulating PKA and its 

downstream targets (Ruat et al. 1993; Mukhopadhyay et al. 2013; Law et al. 1993). Importantly, 



28 

 

several of these ciliary GPCRs change localization upon stimulation (Pal et al. 2016; Green et al. 

2016; Ye et al. 2018).  

1.8 GPCR localization to cilia is a dynamic and highly regulated process 

Clearly, the cilium has taken its rightful place as a fundamental cell organelle with critical 

roles in cell signaling. The intense focus of the past 15 years on vHh signaling has taught us several 

principles regarding cilia-dependent signaling. The cilium provides a privileged environment in 

which signaling components can interact. Importantly the machinery needed to build and maintain 

the ciliary axoneme and membrane is critical to the dynamic localization of signaling components. 

As a small exclusive organelle, the cilium is spatially ideal for facilitating a rapid response and the 

enrichment of many GPCRs, along with the distinct dynamics of cAMP and Ca2+ within the cilium 

and so suggest that it is being used this way.  

 Estimates put the cilium as about 1/4000 to 1/10,000th the  volume of the cell and the field 

is rapidly adapting tools to study cilia biology (Nachury 2014; Phua et al. 2015). For example, 

advances in microscopy are allowing researchers to observe cilia at a more detailed resolution than 

ever before (Yang et al. 2018; Milenkovic et al. 2015; Yoon et al. 2019). Recent advances in 

proximity labelling within cilia is enabling the identification of new ciliary proteins that may be 

playing critical roles in signaling (Mick et al. 2015; Yang et al. 2019). Similarly, by adapting 

biosensors to the ciliary environment, the lipid composition of the membrane, Ca2+ flux and cAMP 

dynamics can be followed in vivo (Jiang et al. 2019; Su et al. 2013; Delling et al. 2016; Mukherjee 

et al. 2016; Li et al. 2016b; Yuan et al. 2015). Optogenetic versions of such constructs can 

manipulate these same aspects of ciliary biology (Eickelbeck et al. 2019; Jansen et al. 2015). 

Finally, as the processes that regulate ciliary localization and signaling are better understood, in 
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vivo gene editing techniques will enable researchers to target precise mutations that disrupt specific 

aspects of these processes, in contrast to removing cilia all together (Gigante et al. 2020b). Such 

advances are key to understanding the details of how intertwined the cilium is with the signaling 

pathways that inhabit it.  

The compartmentalization and organization of GPCRs is an integral mechanism through 

which a cell can ensure the proper regulation of cell-specific functions. Cells control their 

responsiveness to endogenous ligands through the spatiotemporal regulation of GPCR expression 

and localization. A good example is the neural synapse, where GPCRs are concentrated to ensure 

response to an extracellular ligand. Activation of a neuron can trigger membrane remodeling by 

increasing or decreasing the presence of receptors in the membrane. For example, G-protein 

kinases phosphorylate open conformation GPCRs, allowing -arrestin-mediated endocytosis 

through clathrin-coated pits (Lohse et al. 1992; Lohse et al. 1990). These endocytosed GPCRs are 

either returned to the intracellular pool of receptors or downregulated through lysosomal 

degradation. This is an effective means through which cells can regulate hyperactive signaling 

cascades (Eichel et al. 2018). Therefore, for GPCR biology in particular, understanding the 

mechanics of how the cilium facilitates signaling will be fascinating. While it is possible that the 

cilium is simply a space where GPCR signaling can take place efficiently, it is also plausible that 

the cilium provides a space where the cell can run parallel signaling events. In this section I will 

discuss the movement of GPCRs throughout the cilium and how this relates to the regulation of 

SMO. 
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1.8.1 Cilia are a specialized environment for GPCR signaling cascades 

As a small compartment, the cilium is in many ways an ideal environment for GPCR 

signaling. Ciliary enrichment of GPCRs can be sensitive to pathway stimulation, which can ensure 

receptor availability-, or absence-, when needed. Given the high concentration of signaling 

molecules and small volume of the cilium, it likely requires much less G-protein activation to 

influence second messenger pathways (Nachury 2014). Due to the compartmentalization of the 

cilium, GPCR-dependent signaling can locally influence cAMP and Ca2+ levels within the cilia 

microenvironment, affecting other signaling pathways. 

 GPCRs are well known to modulate intracellular cAMP levels through adenylyl cyclases 

(AC). Within the cilium, GPCRs regulate AC3 through either activating or inhibiting mechanisms. 

By molecularly targeting cAMP reporters to cilia, several groups detect cAMP changes exclusively 

within cilia suggesting that ciliary cAMP changes are unable to influence cellular levels of cAMP 

(Marley et al 2013). This raises the potential that one function of cilia is to enhance the 

concentration and spatial localization of signaling cascades to either increase GPCR signaling 

efficiency or output (Nachury 2014). It remains unclear whether cAMP in cilia is evenly 

distributed or is restricted into sub-compartments within the cilium. There is crosstalk between 

some GPCRs that may suggest that cAMP levels are uniform within the cilium. For example, 

activation of SMO by SAG can attenuate the cAMP response via MCH receptors bound to MCH 

ligand (Bansal et al. 2019). This may be due to competition of G-proteins, one inhibitory and one 

excitatory, converging on cAMP production. More sensitive, cilia-specific biosensors to measure 

cAMP levels in cilia will aid in understanding the specificity and kinetics of GPCR-influenced 

fluctuations in ciliary cAMP levels (Mukherjee et al. 2016).  
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GPCR-dependent signaling also influences Ca2+ levels within cilia. Ciliary fluctuations in 

Ca2+ were first linked to defects in C. elegans carrying mutations in polycystin-1 and polycystin-

2 (PC1 and PC2) (Barr et al. 1999). PC1 and PC2 are ciliary mechanosensory channels that 

facilitate Ca2+ entry into cilia in response to mechanic movement of the cilium (Nauli et al. 2003). 

In Chlamydomonas, Ca2+ levels in flagella fluctuate in response to mechanical stimuli, influencing 

the movement of IFT cargos (Collingridge et al. 2013). In mice, mutations to Ift88 cause polycystic 

kidney disease and postnatal lethality (Pazour et al. 2000). Mutant Ift88 mice have short kidney 

cilia and abnormal increases in ciliary PC2 levels, resulting in changes to ciliary Ca2+ flux (Pazour 

et al. 2000; Pazour et al. 2002b). In fact, almost any disruption to kidney cilia or IFT causes kidney 

disease (Ma et al. 2013; Jonassen et al. 2008). Because of the low volume of the cilium compared 

to the volume of the cell body, small fluctuations in Ca2+ are likely sufficient for influencing 

downstream processes. 

As with cAMP, several methods can detect Ca2+ flux within the cilium even though the 

cellular Ca2+ level in unchanged. For example, using in vivo calcium sensors, a Ca2+ flux can be 

observed within the cilia of the embryonic left-right organizer (LRO) that is distinct from Ca2+ 

flux in the cells of the LRO. PC2 receptors localize to these sensory cilia, suggesting a role of Ca2+ 

flux in the establishment of laterality (Muller et al. 2012; Sakuma et al. 2002; Mcgrath et al. 2003; 

Yuan et al. 2015; Yoshiba et al. 2012). In kidney epithelial cells, cilia sense fluid flow and activate 

Ca2+ influx that can be measured in the cell (Nauli et al. 2003; Jin et al. 2014; Su et al. 2013). This 

change in calcium is dependent on PC2-mediated calcium flow (Jin et al. 2014). While the roles 

of Ca2+ and cAMP in signaling pathways vary across tissues, advances in signaling cascade 

detection will help shed light on these differences (Lee et al. 2015).  
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1.8.2 Ciliary trafficking of GPCRs 

The variety of cilia localization sequences suggest there are multiple pathways into the 

cilium, each using distinct machinery. Cilia GPCRs SSTR3, 5HT6, and MCHR1 all share a cilia 

localization sequence on their intracellular loops that is distinct from that in SMO (Berbari et al. 

2008a; Corbit et al. 2005).  The SSTR3, 5HT6, and MCHR1 receptors contain an AXXXQ 

targeting sequence on the intracellular loops that confers cilia localization. In contrast, the SMO 

localization sequence WR is found on the C-terminus. Moreover, these GPCR specific sequences 

differ from those of other cilia proteins.  For example, VxPx motifs are necessary for ciliary 

enrichment of some proteins but  dispensable for  other cilia proteins containing the same motif 

(Geng et al. 2006; Mariani et al. 2016). However, a distinct cilia localization sequence in 

fibrocystin is sufficient to drive ciliary enrichment of GFP (Follit et al. 2010). Consistent with 

GPCRs using distinct trafficking mechanisms, TULP3 works with IFT to promote the trafficking 

of SSTR3, NPY2R and MCHR1 to cilia but does not affect SMO transport. (Mukhopadhyay et al. 

2010). Studying the mechanisms that regulate ciliary GPCRs other than SMO will shed new light 

on trafficking dynamics in cilia entry, exit, and retention of GPCRs. Moreover, because GPCRs 

serve to activate specific signaling cascades, careful focus should be paid to study cilia-GPCR 

dynamics in relevant contexts.  

The BBSome is an octameric protein complex critical for ciliary trafficking of membrane 

proteins, including GPCRs. The BBSome interacts with IFT, expanding the ability of IFT to 

transport distinct cargo (Lechtreck et al. 2009). The BBSome recognizes the activated GPCRs 

through specific intracellular sequences that are revealed when the receptor adopts an active 

conformation (Jin et al. 2010; Klink et al. 2017). Therefore, the BBSome is responsible for binding 

and trafficking activated GPCRs across the transition zone (Ye et al. 2018). In fact, activated 
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GPR161 and SSTR3 both require -arrestin and BBSome-mediated transport across the transition 

zone for proper ciliary exit (Green et al. 2016; Ye et al. 2018; Pal et al. 2016). This is of critical 

importance to vHh signaling because GPR161 exits the cilium upon vHh stimulation as SMO 

enriches in cilia (Pal et al. 2016). Activated SMO exits cilia through ARL6-BBSome mediated 

transport, shuttling SMO to cross the barrier while still integrated in the plasma membrane (Ye et 

al. 2018; Jin et al. 2010; Nachury et al. 2007). Therefore, without proper trafficking components, 

GPCRs will linger in the cilium. 

1.8.3 Ciliary trafficking and retention of SMOOTHENED 

SMO is an intensely studied GPCR, therefore the knowledge of SMO function is forever 

changing. To maintain the organization and flow of this introductory Chapter I have omitted some 

of the most recent findings. Instead, I have included these data in Chapter 7 where I give my 

perspectives on the field and SMO function. Furthermore, in Chapter 7 I will specifically highlight 

recent data and discuss how they lead me to reinterpret some of the lab’s previously published 

work, particularly Chapter 3.  

SMO transport into and out of cilia is highly regulated as illustrated by its mislocalization 

in numerous mutants including those involved in IFT, BBSome-trafficking and the transition zone. 

In mutants with defective retrograde cilia traffic, SMO visibly accumulates within cilia indicting 

that it normally exits via retrograde IFT (Ocbina et al. 2008; May et al. 2005). When retrograde 

mutations are combined with hypomorphic mutations in anterograde IFT, slightly less ciliary SMO 

accumulates than in the single retrograde mutants consistent with SMO being trafficked within the 

cilium via IFT (Ocbina et al. 2008). The unconventional IFT25 subunit facilitates SMO and Ptch 

export from cilia and facilitates GLI2 enrichment at the ciliary tip (Keady et al. 2012). Mutations 
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in RPGRIP1L, which regulates transition zone structure, display a lack of SMO accumulation 

arguing that the integrity of the transition zone is needed for SMO ciliary entry or residency (Shi 

et al. 2017). In Arl13b and Bbs mutants, SMO accumulates in cilia in a ligand-independent manner, 

likely due to defective ciliary exit (Larkins et al. 2011; Zhang et al. 2011; Eguether et al. 2014). 

The fact that mutations in proteins that control diverse aspects of cilia biology all show abnormal 

SMO enrichment reflects the multiple levels at which its trafficking is likely regulated. 

In principle, the trafficking of SMO to cilia reflects the fact that GPCRs reside near the 

membrane at which they function, usually in endocytic vesicular pools, awaiting changes in 

membrane organization before localizing there. Indeed, by tagging SMO in live cells and looking 

at a subsequent timepoint, one group surmised that most SMO travels to the cilium in vesicles 

from the Golgi via IFT (Wang et al. 2009). However, using a distinct tagging method, another 

group concluded that SMO is transported from the Golgi to the plasma membrane of the cell body, 

before moving though lateral transport into the ciliary membrane (Milenkovic et al. 2009). They 

found that SMO at the cell membrane turned over quickly and may have not been detected in the 

first study looking at a single timepoint. These data indicate at least one pool of SMO is available 

on the plasma membrane for cilia localization and subsequent activation. 

Once inside the cilium, SMO localization and retention depends on chaperone proteins that 

bind the SMO C-terminus. This region interacts with G protein-coupled receptor associated sorting 

protein 2 (Gprasp2) to assist with ciliary targeting (Jung et al. 2016), and Ellis-Van Creveld protein 

(EVC/EVC2) to promote interaction with the vHh pathway component SUFU (Dorn et al. 2012; 

Yang et al. 2012). Moreover, SMO retention and Shh signaling is enhanced by the phospholipase 

A2, arachidonic acid pathway (Arensdorf et al. 2017). The necessity of chaperone proteins agrees 
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with the idea of a gating function at the base of the cilium, likely mediated by the transition zone. 

The SMO C-terminus contains a cilia localization sequence that aids with targeting to cilia and 

ciliary retention (Corbit et al. 2005). Enrichment of the SMOW539L receptor corresponds with 

phosphorylation of the SMO C-terminus by kinases CK1 and GRK2 (Chen et al. 2011).  

The ciliary enrichment of an activated GPCR requires the receptor bypass the mechanisms 

that remove it from the cilium. The BBSome is known to promote the movement of MCHR1 and 

SSTR3 receptors across the transition zone and out of cilia (Jin et al. 2010; Nachury et al. 2007; 

Berbari et al. 2008b; Ye et al. 2018). To achieve this, the BBSome recruits -arrestin to facilitate 

the binding of activated GPCRs (Ye et al. 2018). This agrees with our understanding of -arrestin 

function, that it preferentially binds activated GPCRs to facilitate their endocytosis, this includes 

activated SMO (Latorraca et al. 2018; Chen et al. 2004). Perhaps the cilium and BBSome have co-

opted this endocytic pathway to shuttle activated receptors out of cilia (Green et al. 2016; Pal et 

al. 2016; Kovacs et al. 2008). An alternative exit strategy of activated GPCRs, including SMO, is 

exocytosis from the ciliary tip (Nager et al. 2017). Because GPCRs undergo conformational 

changes when activated, perhaps there are multiple pathways for moving a GPCR in and out of 

cilia, depending on the receptor conformation. In the next section I will discuss models of SMO 

activation.  

1.9 Models of endogenous SMOOTHENED activation 

SMO is an orphan receptor as its endogenous ligand has yet to be identified. However, 

important clues emerge from the fact that SMO can be activated by synthetic oxysterol molecules 

that associate with the N-terminal cysteine rich domain (CRD) (Dwyer et al. 2007; Nachtergaele 

et al. 2012; Corcoran et al. 2006; Yavari et al. 2010). In fact, membrane-associated cholesterol, an 
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abundant and endogenous sterol, binds to the SMO CRD and moderately activates the Shh pathway 

in cell lines (Luchetti et al. 2016a; Byrne et al. 2016; Huang et al. 2016; Huang et al. 2018; Myers 

et al. 2013). Therefore, lowered cholesterol abundance can suppress SMO activation (Blassberg et 

al. 2016). The SMO CRD contains a sterol-binding domain and the D99 residue is covalently 

modified by cholesterol. Mutating this aspartic acid residue to asparagine blocks cholesterol 

binding. SmoD99N/D99N embryos phenocopy Smo-/- embryos indicating that the residue is essential 

for SMO activation (Xiao et al. 2017; Zhang et al. 2001; Kasarskis et al. 1998; Caspary et al. 2002). 

Additionally, Smith-Lemli-Opitz patients carry mutations in the dehydrocholesterol reductase 

DHCR7 resulting in decreased freely available cholesterol and present with morphological 

abnormalities consistent with deficient Shh signaling (Blassberg et al. 2016). Together, cholesterol 

plays an essential role in the activation of SMO, but it has not been designated the endogenous 

ligand for SMO.  

Ligand binding alters GPCR conformation into either an activated or inhibited state (Zhao 

et al. 2007). When cholesterol binds to the SMO CRD, the receptor adopts an activated 

conformation in which the CRD shifts via an intermediate linker domain to form a new association 

with the SMO transmembrane domains (Zhao et al. 2007; Byrne et al. 2016; Nachtergaele et al. 

2013). A mutation in the SMO linker domain is associated with decreased Shh signaling, 

suggesting dysfunction in SMO active conformation (Gigante et al. 2018). That said, the CRD is 

not the only SMO sterol-binding site. Another site on the intracellular portion of the seven-

transmembrane binding pocket can bind cholesterol and activate SMO (Deshpande et al. 2019; 

Hedger et al. 2019). This activation is independent of the CRD sterol-binding site. More than 

likely, this second sterol-binding site plays a modulatory role in SMO activation. SMO is not the 

only GPCR activated by cholesterol, and considering that the plasma membrane is a lipid rich 



37 

 

environment, GPCRs likely all have their conformational states modulated by lipid dynamics 

(Hanson et al. 2012; Hanson et al. 2008). As discussed above, the ciliary membrane is a tightly 

regulated lipid rich environment, and contains sterols sufficient for activating SMO (Raleigh et al. 

2019). As our knowledge of sterol driven SMO activation expands, models will soon need to 

examine the link between sterols, SMO, and the cilium. 

The possibility that endogenous sterols activate SMO raises a question regarding whether 

PTCH1 regulates sterols to inhibit SMO. PTCH1 is long-known to bind cholesterolyated vHh 

(Kowatsch et al. 2019; Porter et al. 1996; Rudolf et al. 2019). Recent data show the endogenous 

sterol 24,25-epoxycholesterol binds both PTCH1 and SMO, and activates vHh signaling (Qi et al. 

2019). These data also revealed SMO receptor coupling to the Gi inhibitory subunit. An 

association between SMO and Gi has been previously reported, but the role of G-proteins in SMO 

activation of the Hh cascade remained controversial (Polizio et al. 2011; Riobo et al. 2006). 

Perhaps oxysterols modulate SMO conformation, aiding the receptor to adopt new confirmations 

that promote transient G-protein coupling. This is in line with models that predict SMO activation 

is a multistep process. As the field shifts its focus towards the role of sterols in SMO activation, it 

will be paramount to define the role of the cilium in the steps of SMO activation- along with how 

PTCH1 regulates the sterols in the context of the cilium.  

1.10 The evolution of Hedgehog signaling 

The initial link between vHh signaling and cilia surprised the field primarily because 

invertebrate Hh signaling was well studied in Drosophila, where the pathway was identified 

(Nusslein-Volhard et al. 1980). While flies do have cilia, subsequent studies in fly IFT mutants 

did not reveal any defects in invertebrates Hh signaling. As fish, frogs and other vertebrates all 
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required cilia to transduce Hh signaling, the two were thought to be linked only in vertebrates 

(Park et al. 2006; Huang et al. 2009; Tay et al. 2010; Glazer et al. 2010b). However, sea urchin 

embryos rely on motile cilia for Hh signal transduction in developing muscle (Walton et al. 

2009; Warner et al. 2014). This work suggested that protostome lineages such as flies diverged 

from deuterosomes with respect to using cilia for Hh transduction. Additionally, it raised the 

question of whether vertebrates use motile cilia, in addition to primary cilia, for Hh signaling.  

The regulatory logic of the Hh pathway in flies and is conserved in vertebrates (Nusslein-

Volhard et al. 1980; Goodrich et al. 1996; Hahn et al. 1996). In the off state, the Hh receptor 

Patched (PTCH1 in vertebrates) inhibits SMO, limiting its GPCR activity (Rohatgi et al. 2007). 

The Ci transcription factor (GLI proteins in vertebrates) is cleaved into a repressor form, which 

inhibits the transcription of target genes, a process mediated by COS2 (KIF7 in vertebrates) 

(Zhang et al. 2005; Kalderon 2004; Tay et al. 2005). When Hh ligand is present, it binds the 

PTCH1 receptor, alleviating PTCH1 mediated repression of SMO (Stone et al. 1996). SMO is 

subsequently activated and full-length Ci, instead of being cleaved, is activated through 

posttranslational modification, which then turns on target genes (Aza-Blanc et al. 1997).  

Several clues to how Hh and vertebrate primary cilia are linked come from examining 

when proteins evolved relative to ciliation in various species. IFT25 and IFT27 are unique 

among IFT components as they are lost in several ciliated species suggesting they may not play 

roles in cilia. Mice without Ift25, ciliate normally, but die shortly after birth with phenotypes 

consistent with low Hh signaling (Keady et al. 2012). Ift27 mouse mutants display similar 

phenotypes. IFT25 and IFT27 are required for the export of SMO and PTCH1 out of cilia so may 

have evolved to traffic Hh components to cilia (Eguether et al. 2014; Liew et al. 2014).  
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Finally, the mechanism through which PTCH1 inhibits SMO remains unknown, but is 

likely linked to cilia. The two proteins do not interact directly and PTCH1’s inhibition on SMO 

is not stoichiometric (Taipale et al. 2002). It is possible that PTCH1 shields SMO from its ligand 

or that PTCH1 removes or sequesters SMO’s ligand (Zhang et al. 2018; Deshpande et al. 2019; 

Qi et al. 2019; Kowatsch et al. 2019). It is also not clear what the endogenous ligand for SMO is- 

or exactly how the receptor is activated, but it is likely occurring in cilia. The evolutionary 

change that shifted Hedgehog signaling into the cilium will remain uncertain, but the 

evolutionary origin of the switch occurred around the same time Arl13 duplicated into Arl13a 

and Arl13b. Arl13 is ancient, present in the last eukaryotic common ancestor, with conserved 

function as a regulator of membrane transport and protein trafficking that is maintained across 

model systems. 

1.11 Summary and Dissertation Roadmap 

In this chapter, I laid out the history and relevant background for my thesis project 

emphasizing the data supporting my hypothesis, that ciliary protein ARL13B is an essential 

regulator of the ciliary processes that regulate and activate SMO.  

In Chapter 2, I detail the methods I used. Chapters 3 and 4 are published. In Chapter 3, I 

characterize a novel mouse mutant and argue localization of SMO to the cilium is required for the 

highest levels of Shh signal transduction. In Chapter 4, I show that – despite all expectations – 

cilia protein ARL13B is not required in cilia to regulate Shh signaling. In Chapter 5, I present data 

that ARL13B is required in cilia to prevent the development of kidney cysts and obesity. In Chapter 

6, I address the core question of this dissertation, whether (and perhaps how) ARL13B is involved 

in the ciliary processes that activate SMO. In Chapter 7, I will broadly discuss my findings with 
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the perspective of new discoveries in the field. Thus, I highlight how my work will expand our 

knowledge of the enigmatic links between cilia, SMO, and the role of ARL13B. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

Parts of this chapter previously published as: 

Gigante, E.D., Bushey Long, A., Ben-Ami, J., and Caspary, T. (2018) Hypomorphic Smo mutant 

with inefficient ciliary enrichment disrupts the highest level of vertebrate Hedgehog response. 

Developmental Biology, Vol 437:2. 152-162. doi.org/10.1016/j.ydbio.2018.03.019   

Gigante, E.D., Taylor, M.R., Ivanova, A.A., Kahn, R.A., and Caspary T. (2020) ARL13B 

regulates Sonic hedgehog signaling from outside primary cilia. eLife 2020;9:e50434 

doi:10.7554/eLife.50434. 
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2.1 Mice 

All mice were cared for in accordance with NIH guidelines and Emory’s Institutional 

Animal Care and Use Committee (IACUC). Alleles used were: Smocbb [MGI: 5911831], Patched1-

lacZ [MGI: 1857447], Smobnb [MGI: 2137553], Arl13bV358A (Arl13bem1Tc) [MGI: 6256969], 

Arl13bhnn [MGI: 3578151], and FVB/NJ (Jackson Laboratory).  

2.1.1 Mapping and identification of the cabbie mutation 

The cabbie mutation was identified in a screen for recessive ENU mutations that caused 

morphological defects during midgestation. Induced on a C57BL/6J background and backcrossed 

onto FVB/NJ, cbb was mapped to chromosome 6 using a low-density Illumina chip. The cbb 

mutation was refined to a 5-MB interval (D6Mit159 to D6Mit268) using SSLP marker-based PCR. 

Through whole-exome sequencing (Mouse Mutant Resequencing Project, Broad Institute) and 

subsequent analysis using SeqAnt, a cytosine-to-adenine SNP in exon 3 of the Smoothened (Smo) 

gene was identified (Shetty et al. 2010). Genotyping was performed by PCR using D6MIT159 

primers (Fwd: 5’- CATATTCAAGACGGAGACTAGTTCC-3’, Rev: 5’-

CACATGAAACACATGCACACA-3’) to amplify a strain-specific variation 3 kb upstream of the 

cbb point mutation (see Table 1 and Table 2). We confirmed the linkage of this marker via analysis 

of 225 E10.5 embryos from our breeding pedigree: 175/176 embryos phenotypically classified as 

normal genotyped as “control” (homozygous or heterozygous FVB at D6MIT159), and 49/49 

embryos phenotypically classified as cbb genotyped as “mutant” (homozygous C57BL/6 at 

D6MIT159). We saw no differences between wild-type or heterozygous Smocbb embryos and show 

the heterozygous phenotype as “control” in Chapter 3. 
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2.1.2 ARL13BV358A mouse allele generation and identification 

To generate the V358A point mutation in the mouse, a CRISPR gRNA 

(CCAGTCAATACAGACGAGTCTA) targeting exon 8 of the Arl13b locus along with a donor 

oligo (5’-CCTATATTCTTCTAGAAAACAGTAAGAAGAAAACCAAGAAACTACGAATG 

AAAAGGAGTCATCGGGCAGAACCAGTGAATACAGACGAGTCTACTCCAAAGAGTCC

CACGCCTCCCCAAC-3’; underlined bases are engineered) were designed to generate a T-to-C 

change creating the V358A point mutation and C-to-G change creating a TspRI restriction site that 

could be used for genotyping (Millipore Sigma). The gRNA (50 ng/l), oligo donor (50 ng/l) and 

CRISPR protein (100 ng/L) were injected by the Emory Transgenic and Gene Targeting core into 

one-cell C57Bl/6J zygotes. Zygotes were cultured to 2-cell before being transferred to 

pseudopregnant females. Genomic tail DNA from resulting offspring was amplified using PCR 

primers (5’-GAAGCAGGCATGGTGGTAAT-3’ & 5’-TGAACCGCTAATGGGAAATC-3’) 

located upstream and downstream of the donor oligo breakpoints. The products were sequenced 

(5’-GAAGCAGGCATGGTGGTAAT-3’) and 2 animals were identified heterozygous for the 

desired change and with no additional editing. One founder (#173) was bred to FVB/NJ for three 

generations prior to performing any phenotypic analysis. Males from at least two distinct meiotic 

recombination opportunities were used in each generation that to minimize potential confounds 

associated with off-target CRISPR/Cas9 editing. Both founders were bred by Sarah Suciu to 

C57BL/6 mice in an attempt to establish lines on that background but without success. 

Genotyping was performed on DNA extracted from ear punch or yolk sac via PCR (see 

Table 1). To identify V358A a SNP was engineered in the forward primer that, in combination 

with the V358A mutation, created a Cac8I restriction site. Thus, the PCR product was digested 
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with Cac8I enzyme, run out on a 4% agarose gel and the relevant bands were detected: undigested 

wild type (~192bp) and digested mutant bands (~171bp). This is a nested PCR that required an 

initial reaction, see Table 1 and Table 2. Reaction A product should be diluted 1:1000 (1:40 then 

1:78) before running reaction B. Only 2 L of reaction B should be digested for easy identification 

of heterozygous and mutant bands. The digested product should be run out on a 4% gel for at least 

90 minutes.  

2.2 Phenotypic analysis of embryos 

2.2.1  Dissection and Processing 

Timed matings of heterozygous mice were performed to generate embryos of the indicated 

stage, generally E9.5-18.5.  As there can be up to a 12-hour difference in development within a 

litter, somite-matched embryos were examined at each stage when possible. Embryos were 

dissected in cold phosphate-buffered saline and yolk sac collected for genotyping. Intact embryos 

were collected for whole mount images. Embryos were fixed in 4% paraformaldehyde for a 

minimum of 1 hour at 4C. After fixation, embryos were rinsed with PBS to remove excess PFA 

and replaced with a 30% sucrose solution in 0.1M phosphate buffer (see recipes). Embryos for 

skeletal processing were skinned and eviscerated before alizarin red and alcian blue staining 

(Caspary et al. 2007; Shen et al. 1997).  

2.2.2 Embedding and cryosectioning 

Embryos were embedded separately in OCT if the genotypes were unknown and together 

if genotypes were known. If embedded together, embryos were catalogued in a reproducible 

manner for later identification. To isolate the specific regions of neural tube at the forelimb and 
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hindlimb levels, embryos were separated into three pieces before embedding. Embryos were 

sectioned just caudal of the forelimbs, and the head removed under the brachial arches, as well as 

just rostral to the hindlimbs. These pieces were embedded with the neural tube side down in the 

block as depicted in Figure 1.1, enabling the desired tissue to be collected immediately. This 

method was developed to reduce the amount of time sectioning each block, the number of sections 

that needed to be collected, and the number of slides per embryo. Sections acquired were ~10 M 

thick and placed on Superfrost plus glass slides. Slides were dried at least 30 minutes or overnight. 

2.2.3 Antibody staining  

 Prior to antibody staining sections were outlined with a hydrophobic pen and allowed to 

dry for 10-15 minutes or while the slides continued to dry after sectioning. Slides were then moved 

to a humidified chamber and rehydrated with PBS for 10 minutes. The PBS was then replaced with 

150-200 L of antibody wash buffer (5% heat-inactivated goat serum, 0.1% Triton-X in PBS) and 

incubated for 1 hour at room temperature. After 1-hour, slides were incubated with 150-200 L 

primary antibody in antibody wash buffer. Primary antibody was left on the slides overnight at 

4C in the humidified chamber. The following day slides were rinsed with PBS or antibody buffer, 

three washes for 10-30 minutes each. Slides were then incubated in dark with secondary antibody 

for 1-2 hours. Slides were cryo protected with ProLong and a glass cover slide and allowed to cure 

overnight before image processing. See Table 3 for preferred secondary antibody combinations. 

 Cilia markers such as acetylated -tubulin, ARL13B, SMO, and IFT88 all work with the 

standard antibody staining protocol outlined above. For Inpp5e staining: used hydrophobic pen 

and rehydrated slides with PBS as described above. Permeabilized with 0.1% Triton X-100 in PBS 

for 5 minutes, then rinsed three times with PBS for 3 minutes each. Blocked for 1 hour at room 
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temperature in a blocking solution of 1% BSA in PBS. Added primary antibody (1:150) in 

blocking buffer for 1 hour at room temperature. Washed slides with PBS three times for 3 minutes. 

Applied secondary antibody in blocking solution for 1 hour at room temperature. Washed three 

times with PBS for 3 minutes each. Mounted coverslip with ProLong. For Arl3 staining: slides 

were fixed with 4% PFA for 15 minutes at 37C. Slides were rinsed in PBS before incubation with 

0.1% Triton X-100 for 5 minutes. Primary ARL3 and secondary staining proceeded following the 

standard protocol outlined above. For a list of cilia antibodies see Table 4. 

2.3 Western blot of ARL13B protein in whole embryo lysates 

Embryo lysates were prepared with RIPA buffer and SigmaFast protease inhibitors (see 

recipes) (Nachtergaele et al. 2013). Dissected, embryos were placed in individual 1.5 mL tubes 

containing 200 L RIPA buffer, homogenized by sonication (WH 322) with short 2 second bursts, 

allowing for 5 to 10-minute rests between. Lysates were clarified by spinning at 30,000 RPM at 

4C for at least 15 minutes (tabletop centrifuge Eppendorf; Escagy lab). The supernatant was 

isolated and the pellet containing large organelles and membrane was discarded.  

A protein estimation was performed on each sample with ~10 Ls of the lysate. The 10 

Ls was diluted 1:20 in PBS. Protein estimation was performed with Pierce BCA protein assay kit 

(ThermoFisher 23227) the protocol outlined by the manufacturer. The remaining sample was 

mixed 1:4 with 4x Laemlli buffer (Bio-Rad) with -mercaptoethanol. Samples were then boiled 

for ~7 minutes. The final protein estimations were corrected for the 1:20 dilution and the 1:4 

dilution in Laemlli buffer to identify the appropriate amount of sample.  
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Samples were run on a 10-well gel from Bio-Rad, comprised of 7.5% acrylamide Stain-

Free gel (Bio-Rad 4568023), submerged in running buffer. Gels were run at 155 Volts for 60 

minutes or until the dye front exits the bottom of the gel. Using a ChemiDoc Touch Imaging 

System (Bio-Rad; WH322) cross-linking was activated for 45 seconds before a 5 second image of 

total protein was acquired. Blots were then transferred to a PVDF membrane using a high-speed 

transfer stack (Bio-Rad 1704156), run on the high MW mini gel setting. PVDF blots were trimmed 

and soaked in T-20 Blocking buffer (ThermoFisher 37539) for 1 hour at room temperature. Mouse 

anti-Arl13b (1:5000 NeuroMab N295B/66) was diluted in T-20 buffer and added to the blot. Blots 

were gently agitated on horizontal rocker located in the hallway 4C walk-in cooler overnight. The 

following day blots were rinsed with Tris-buffered saline with 0.1% Tween-20 (TBS-T) for three 

washes, 5 minutes each at room temperature. Blots were pre-blocked in TBS-T with 5.0% dried 

milk (Bio-Rad 1706404) for 15 minutes before incubation with anti-mouse secondary antibody 

conjugated with horseradish peroxidase (HRP; 1:5000), also in TBS-T with 5.0% milk. During 

secondary antibody incubation the blots were agitated for 1 hour at room temperature. Blots were 

quickly rinsed with TBS-T and washed three additional times for five minutes each. Blots were 

then incubated with 1:1 chemiluminescence (ThermoFisher 34577) for ~ 7 minutes before imaging 

in the ChemiDoc unit. Blots were exposed for 5-20 seconds, or auto exposed to minimize pixel 

saturation. Final data was analyzed in the Image Lab software package designed by Bio-Rad and 

normalized to total protein measurements from the day before (Thacker et al. 2016; Rivero-

Gutiérrez et al. 2014). There are two normalization options, one is to use the entire lane as a 

measure of total protein or use a single band across all samples as the control. Either will yield 

similar values. Normalized values were analyzed by one-way ANOVA and Tukey’s multiple 

comparisons in GraphPad’s Prism 9 software. 
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2.4 Derivation of mouse embryonic fibroblasts (MEFs) 

 All cell culture experiments were performed in a clean tissue culture hood (WH 322A). All 

cells were maintained in a humidified cell incubator with 5% CO2 and maintained at 37C, unless 

otherwise specified.  

2.4.1 Isolating primary MEFs 

Mouse embryonic fibroblasts (MEFs) were isolated and immortalized as previously 

described (Mariani et al. 2016).  The day before dissections multi-well plates were incubated with 

0.1% gelatin. The size of the wells is determined by the age of the litter. Suggested sizes are as 

follows; E9.5 in 24 well, E10.5 in 12 well, E11.5 in 6 well, and E12.5 in 40mm dish. Embryos 

were dissected in cold PBS and eviscerated with their heads and internal organs removed. Each 

individual embryo was then isolated in a 1mL syringe with ~200 L PBS and capped with a 26-

guage needle. Each embryo was given its own syringe and numerical identifier for tracking.  

The gelatin solution from the previous day was removed from each well, and wells were 

rinsed with PBS twice. Each well was then filled to 50% maximum volume with DMEM with 10% 

fetal bovine serum (FBS) and 1% penicillin/streptomycin. Embryos were passed through the 

needle several times to separate the cells. Plates were then agitated briefly to ensure an even 

distribution in each well. Plates were incubated at 37C in 5% CO2. Cells were checked for 

confluency on a daily basis before passaging into two 10 cm dish at ~90% confluency: one for 

propagating and immortalization, and one for freezing and storage as a backup.  
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2.4.2 Immortalizing MEFs 

In my hands, the FV358A-67.9, 67.7, and 67.3 (Arl13b+/+, Arl13bV358A/+, and 

Arl13bV358A/V358A, respectively) immortalized cell lines were generated from E10.5 embryos 

dissected by me, and cultured and maintained by Megan Taylor (former undergrad). Alyssa 

generated the AW4-387.2 and 387.1 (Smowt and Smocbb/cbb, respectively) with help from Joey Ben-

Ami (former undergrad). The immortalization process is as follows. MEFs were isolated as 

described in 2.4.1. At passage 2 or 3, cells were cultured until 50-75% confluent before proceeding. 

It is important to use passage 2 or 3 cells for immortalization because these passages are much less 

likely to contain unwanted cell types. Once confluent, cells were transfected with SV40 T antigen 

construct (Plasmid 161). See section 2.4.4 for details on setting up a transfection reaction. 

Following the transcription protocol, MEFs were cultured until 80-90% confluent and split into 

two 10-cm gelatinized plates, one 1:4 and the other 1:10. The higher seed plate was frozen down 

as a backup and the lower density plate was allowed to grow until confluent. Cells were continually 

passaged and split in this manner until passaged 6 times. Once achieved, the cells could be 

considered immortalized.  

2.4.3 Working with MEFs 

MEFs have a doubling time of ~24 hours, so experiments were planned over the number 

of 24-hour periods between initial seeding of cells, and final experimentation. For example, a 48-

hour protocol on coverslips required MEFs be seeded at a density of 0.2-0.5 x 105 cells/mL. After 

24 hours of recovery, the cells can be manipulated by ligand for another 24 hours before they will 

become confluent. In some experiments cells were treated for 24 hours with 0.5% FBS Shh 

conditioned media or 0.5% FBS media to induce ciliogenesis (Larkins et al. 2011). Low serum 
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media is required for the induction of ciliogenesis in MEFs, but confluency can also impact 

ciliation rates.  

2.4.4 Transfecting MEFs  

 Cells were plated the day before transfection such that they reach ~60-80% confluency the 

following day. DNA and thawed Magnetofectamine (OZBiosciences MTX2 1000) reagent were 

mixed together at a ratio of 1:3. To this mixture, add 100 Ls of prewarmed OPTI-mem and 

incubated for 20 minutes at room temperature. To this mixture, 1 volume of magnetic beads was 

added (for example 0.6 uLs for 600ng of DNA) and incubated for 20 minutes at room temperature. 

The cultured cells from the day before were then placed on top of the magnetic plate in the tissue 

culture hood. The complete transfection reaction was then added dropwise to the appropriate wells. 

Keeping the magnetic plate under the plate of cells, the cells were then returned to the incubator 

and left for 20 minutes. Afterwards, the magnetic plate was removed, and cells left in the incubator 

for an additional 4 hours. Once this step was complete the media was replaced on call conditions 

with complete MEF media. This media change was essential to prevent cytotoxicity. The cells 

were then allowed to recover overnight. 

2.4.5 MEF antibody staining of cilia 

 MEFs were seeded at 0.5x105 cells/mL onto uncoated 5mm round glass coverslips in a 6-

well plate in 2-3mLs of complete media on day 0. The following day, the media was replaced with 

low serum media (0.5% FBS in DMEM) for an additional 24 hours. On day 2 the coverslips were 

rinsed with PBS and incubated with 4% paraformaldehyde for 5 minutes. Coverslips were again 

rinsed with PBS and incubated with antibody wash buffer (10% heat inactivated goat serum, 0.1% 

Triton X in PBS) for 15 minutes. Coverslips were removed from antibody wash buffer and placed 
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on a modified 12-well plate to act as a humidified chamber. A 60 L volume of primary antibody 

was gently added to the top of each coverslip. Plates were incubated overnight at 4C. See Table 

4 for antibody combinations employed. 

 The following day the primary antibody solution was aspirated off the coverslip edge and 

rinsed with antibody wash buffer, three times for 10 minutes each. Coverslips were then incubated 

with 60 L of secondary antibody in antibody wash buffer for 1 hour at room temperature and 

stored in a dark place. Coverslips were washed with PBS three times and kept in the dark between 

washes. Coverslips were dried with a Kimwipe before being inverted and mounted onto a 

SuperFrost microscope slide with ProLong. Removing the moisture allowed the ProLong to cure 

properly overnight, too much liquid prevented this from occurring and allowed the slides to move, 

ruining the sample.     

2.4.6 Ciliobrevin-D treatment 

Control and Ar13bV358A/V358A MEFs were seeded as outlined previously and incubated in 

0.5% FBS media for 24 hours in cell incubator. Media was removed and 30 M ciliobrevin-D 

(Millipore Sigma; 25041) or 0.1% DMSO (Sigma D2438) in 0.5% FBS in DMEM added for 60 

minutes. MEFs were fixed and stained as described above (2.4.5). The 60 minute incubation with 

Ciliobrevin-D was chosen because Ciliobrevin-D causes microtubule disorganization and cilia 

disassembly after 60 minutes (Firestone et al. 2012).  

2.4.7 Image Quantification of MEF cilia 

Images were acquired on a Leica CTR6000 microscope using SimplePCI software with 

20X or 40X air objective. For each experiment, exposure conditions were set based on control 
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fluorescent levels before acquiring images of experimental samples. Images were saved in .tif 

format and files retained the three individual RGB channel data. Fluorescent intensities of 

Arl13bV358A and control cells were measured using ImageJ software. Cilia were first identified by 

positive acetylated -tubulin and an outline was hand drawn around the length of the cilium. The 

channel was switched to the protein of interest and a measurement of the average fluorescent 

intensity was acquired. To acquire a background reading, the same outline was then moved 

adjacent to the cilium, but still within the cell body, to an area that most closely matched the 

background at the cilium. In all cases immunofluorescent averages of proteins of interest in cilia 

were normalized to cell-body intensities (Figure 4.3-Figure Supplement 1). For samples with 

antibodies targeting Gli2, Gli3, and Sufu the ciliary tip was isolated and measured. The cilia tip 

was identified by weak acetylated -tubulin staining. If the tip was not easily identified, the cilia 

base was identified by acetylated -tubulin positive fibrils in the cell body that cluster at the base 

of the cilium (Larkins et al. 2011).  

For samples with antibodies targeting SMO, PTCH1, ARL3, and INPP5E the entire cilium 

was measured. The ratio of fluorescence intensities of the protein of interest relative to the cell 

body background was organized as violin plots. Within each plot the dashed lines represent the 

median and interquartile range. The number of cilia examined per genotype and per condition are 

listed below their respective plot. All data, except for SMO which varied both genotype and 

treatment, were analyzed by one-way ANOVA. In the event of a significant ANOVA, Tukey’s 

multiple comparisons were employed to determine significance as all groups were compared. SMO 

fluorescent intensity data were analyzed by two-way ANOVA. As only specific groups were 

compared, the significance of those comparisons across and between groups were made using 
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Sidak’s post-hoc to not inflate the significance of those comparisons Data were analyzed in 

GraphPad Prism 7 software. 

For cells treated with Ciliobrevin-D, as described in section 2.4.6, cilia were identified by 

staining with antibodies directed against acetylated -tubulin, IFT88, and ARL13B. Fluorescent 

intensities were measured in ImageJ software. Cilia were identified as described in the paragraph 

above. IFT88 fluorescent levels were measured at the ciliary tip. Each ciliary measurement was 

normalized to its own cellular background. To make comparisons among cell lines of distinct 

genotype with and without ciliobrevin-D treatment, data were analyzed by two-way ANOVA. To 

analyze the specific differences across groups, multiple comparisons were made using Sidak’s 

post-hoc.  

2.4.8 RT-qPCR analysis of Shh transcriptional targets in MEFs 

Confluent experimental MEFs in 6-well plates were harvested by trypsinization, spun 

down, and flash frozen. RNA was isolated by QIAGEN RNeasy kit (74104) with QIAshredder 

homogenizer columns (QIAGEN 79656) following the manufacturer’s instructions. RNA 

quantities were measured by Nanodrop (Thermo Scientific NanoDrop 1000) and cDNA was 

synthesized with iScript Reverse Transcription Supermix (Bio-Rad;1708840) using 200 ng of 

RNA per reaction following the manufacturer’s instructions. Primers (Table 5) used were: Ptch1 

5’-TGCTGTGCCTGTGGTCATCCTGATT-3’, and 5’-

CAGAGCGAGCATAGCCCTGTGGTTC-3’; Gli1 5’-CTTCACCCTGCCATGAAACT-3’, and 

5’-TCCAGCTGAGTGTTGTCCAG-3’; Pold3 5’-ACGCTTGACAGGAGGGGGCT-3’, and 5’-

AGGAGAAAAGCAGGGGCAAGCG-3’ (Mariani et al. 2016).  
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RT-qPCR reactions were performed in technical triplicate on three biological replicates as 

previously described (Mariani et al. 2016). Each reaction contained 2L of diluted cDNA, 10L 

of Bio-Rad Sso Advanced Universal SYBR Supermix (1725270), 3L each of 1:100 forward and 

reverse primer, and 2L of water. All ingredients, except the cDNA sample were combined to 

form a Master mix and added to each well of the PCR plate. While adding master mix the plate 

was kept on ice. Once the master mixes were added to each well, the plate was gently spun down. 

Then, cDNA sample was reverse pipetted into the appropriate wells. The sample was placed 

halfway down each well and placed on the wall of the well, not into the solution. Once all samples 

were added the plate was then sealed, spun down, vortexed, and spun down again. This insured 

that all samples were exposed to PCR reactions at the same instant. Each plate was run on a Bio-

Rad CFX96 Touch Real Time PCR Detection System, and data were collected using Bio-Rad CFX 

Manager 3.1. The PCR program conditions were as follows; 95C for 5 min; 45 cycles of 95C for 

15 seconds, 57C for 30 sections, plate read; followed by a melt curve beginning at 65C and 

ending at 95C.Gli1 and Ptch1 expression levels were normalized to each sample’s corresponding 

Pold3 level. Normalized RT-qPCR data were analyzed by ANOVA with Bonferroni correction for 

multiple comparisons. 

2.5 Protein purification and ARL3 GEF assay of Arl13b 

These experiments were performed by Anna Ivanova, formerly of the Kahn lab. Plasmids 

directing the expression of mouse GST-ARL13B or GST-ARL13BV358A proteins were transiently 

transfected into HEK cells and the recombinant proteins were later purified by affinity 

chromatography using glutathione-Sepharose, as described previously (Cavenagh et al. 1994; 

Ivanova et al. 2017). Human ARL3 (98.4% identical to mouse ARL3) was expressed in BL21 
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bacteria and purified as previously described (Van Valkenburgh et al. 2001). The ARL3 GEF assay 

was performed as previously described (Ivanova et al. 2017). Briefly, ARL3 (10µM) was pre-

incubated with [3H]GDP (1 M; PerkinElmer Life Sciences, specific activity ~3,000 cpm/pmol) 

for 1 h at 30°C in 25 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl2. In contrast, pre-loading 

of ARL13B (10M) was achieved by incubation in 100 M GTPS for 1 min at room temperature, 

due to its much more rapid exchange kinetics. The GEF assay was initiated upon addition of ARL3 

(final = 1µM), ARL13B (final = 0 or 1M), 10 M GTPS, and 100 M GDP (to prevent re-

binding of any released [3H]GDP), in a final volume of 100 µL. The intrinsic rate of GDP 

dissociation from ARL3 was determined in parallel as that released in the absence of any added 

ARL13B. The reactions were stopped at different times (0–15 min) by dilution of 10L of the 

reaction mixture into 2 ml of ice-cold buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 

1 mM dithiothreitol). The amount of ARL3-bound [3H]GDP was determined by rapid filtration 

through BA85 nitrocellulose filters (0.45 m, 25 mm, Whatman), with 3 x 2 mL washes, and 

quantified using liquid scintillation counting. Time points are routinely collected in at least 

duplicate and each experiment reported was repeated at least twice, yielding very similar results. 

Data were analyzed in GraphPad Prism 7 software. 

2.6 Structural prediction of SMO 

A putative structure of the SMON223K mutant protein was modeled by a former graduate 

student, Jennifer Colucci, of the Ortland lab, using PyMol (Version 2.0; Python) and UCSF 

Chimera resource (version 1.12) (Pettersen et al. 2004). The mutation model was formed by 500 

sequential iterations of energy minimization and geometry optimization on crystallized human 

SMO receptor bound to SAG ligand (PDB: 4QIN) (Wang et al. 2014). 
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2.7 Cell-based, cAMP-sensitive GloSensor assay for SMO activation 

2.7.1 Working with HEK-293FT cells 

HEK-293FT (HEK) cells were used for their high rate of transfection and high expression 

of protein. Wells were preincubated with 0.2 mg/mL poly-D-lysine in 96-well plates to help HEK 

cells adhere for assay readout. Plates were preincubated the day before experimental use and kept 

in cell incubator overnight 37C. The following day plates were rinsed several times with PBS and 

allowed to dry before experimental use. Glass coverslips were coated with 0.1% gelatin to promote 

cell adherence, the cells will wash off during antibody staining steps previously outlined in this 

chapter. HEK cells were cultured in a modified DMEM solution with 10% FBS (See recipes 

section). All solutions were added slowly down the side of a plate to avoid pushing cells off the 

surface. Due to their poor adherence, HEK cells can be quickly passaged by resuspending with 

only media. However, this method was not used when seeding cells for experimental use. Forcibly 

removing HEK cells from a plate caused them to form aggregates that disrupt the cell counter’s 

ability to differentiate between clusters and single cells. HEK cells were sensitive to 0.25% trypsin, 

and cell passage only required one to two minutes incubation at room temperature. Over incubation 

in trypsin would cause cytotoxicity and cell death. Cells incubated with trypsin were less likely to 

aggregate and provided more accurate cell density readings. To increase cell yield, plates were 

physically agitated briefly, before cells were aspirated and resuspended in complete media.    

2.7.2 The cAMP-sensitive GloSensor assay for SMOOTHENED activation 

 HEK cells were plated on day 0 in a 6-well plate at 1.1 x 105 cells/mL, a total of 3 mL per 

well. On day 1, the media was replaced on all cells to be transfected ~2 hours before the start of 

transfection protocols. The transfection mixture was prepared as follows; 3:1 Lipofectamine 2K to 
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DNA volume in 200 Ls of Opti-MEM (ThermoFisher 31985062), incubated for ~5 minutes. The 

desired plasmids were mixed together in 200 L of Opti-MEM (see table 6 and section 2.7.3). 

Then, lipofectamine containing media was added to the plasmid containing media and mixed 

gently. This reaction was incubated for 15 minutes at room temperature. The complete transfection 

reaction was then added dropwise into the appropriate wells and cells were incubated overnight at 

37C. Finally, in preparation for the following day, ~100 L of 0.2 mg/mL poly-D-lysine was 

added to each well of a 96 well plate and incubated overnight at 37C. 

On day 2, only healthy conditions that responded well to the transfection were used in the 

remaining steps of the experiment. The media was replaced on unhealthy cells and allowed an 

additional 24-hour recovery. First, the 96-well plate from day one was rinsed twice with sterile 

PBS and allowed to dry for several hours. Cells were then briefly washed with PBS and incubated 

with 150 L of 0.25% trypsin. Once the cells began to lift off the plate, they were resuspended in 

1 mL complete media. Immediately, 10 L of cells was mixed with 10 L of Trypan Blue 

(ThermoFisher 15250061), and 10 L of the 1:1 mix was added to a TC20 cell counter slide (Bio-

Rad 1450015) used for cell counting on a Bio-Rad TC20 cell counter (WH322). A dilution of 1.0 

x 105 cells/mL was prepared for each sample. Each well received 200 L of diluted cells and the 

plate was incubated overnight at 37C.  

The assay was continued if the cells recovered well the following day. Media was aspirated 

and cells were washed twice with Ca2+ Ringers solution (see recipes section). Then, cells were 

incubated with 100 Ls of D-luciferin (see recipes section) in Ringers solution and incubated in 

the dark at room temperature for 1 hour. During this incubation step, both forskolin (see recipes 

section) and SMO drugs were prepared in Ringers solution (see recipe section). After incubation, 
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50 L of the SMO drug or 50 L of Ringers buffer control was added to each well and be incubated 

for 10 minutes. Data were acquired using a POLARstar Omega plate reader, located in 5175 RRC. 

In the plate reader, 1 second readings were acquired at 2-minute intervals, a total of 5 baseline and 

20 or more post-forskolin readings. After the 5 baseline readings, 50 L of 4 M Forskolin was 

added to every well. This should induce a large response curve, maxing out above 10,000 

Luciferase units.  

2.7.3 Plasmid combinations for the cAMP-sensitive GloSensor assay. 

 As published by Myers et al., (Myers et al. 2017), the following amounts of plasmid should 

stay constant; 200 g SMO, 400 g PTCH1, and 800 g GloSensor (see example plate in Table 

6). The readout from cells transfected with only GloSensor represented the maximal luciferase 

response possible. The readout from cells transfected with only empty vector plasmid provided a 

background reading for cells with luciferin but no luciferase for processing. The readout from this 

condition remained flat throughout the entire experiment. This experiment included a transfection 

efficiency control using an enhanced GFP plasmid on cells that were plated on cover slips 

(pretreated with 0.1% gelatin). Using 1400 g of plasmid to acquire an accurate reading of what 

% of cells were transfected with experimental plasmids. Cells transfected with enhanced GFP were 

rinsed with PBS and fixed with 4% PFA for 15 minutes. Cells were then incubated with an 

antibody wash buffer (see section 2.4.5) for 10 minutes with 1:3000 Hoechst nuclear stain. 

Coverslips were inverted onto a microscope slide with ProLong. Slides were then immediately 

imaged for a readout of transfection efficiency or allowed to cure overnight in dark.   
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2.8 Analysis of obesity and diabetes phenotypes in Arl13bV358A/V358A mice. 

2.8.1 Weight curves 

Mice expressing Arl13bV358A (Arl13bem1Tc) [MGI: 62256969] and/or Arl13bhnn [MGI: 

3578151] were maintained on an FVB/NJ background (Jackson Laboratory). Male and female 

mice were group housed by sex at 3 weeks postnatal and provided ad lib 24-hour access to standard 

chow with 5% fat (LabDiet #5053) or breeder chow with 8% fat (LabDiet #5058) and water. 

Breeding pairs to generate mice for weight curve generation were also maintained on breeder 

chow. Mice were weighed weekly from postnatal day (P)21 to P70. All mice were handled in the 

same manner and picked up by their tails. Raw weight data are presented as average weight in 

grams for each genotype, separated by sex and age. Data analysis performed in Prism (GraphPad 

V8.3.1). Weight data were analyzed by a mixed-effects model of repeated measures. This method 

of analysis allows for randomly missing values. In the event of a significant effect and interaction, 

multiple comparisons were made between each genotype at all timepoints using Sidak’s post hoc. 

A significant difference was identified by a p-value < 0.05, and p-values were adjusted for multiple 

comparisons.  

2.8.2 Glucose and insulin tolerance tests 

Male and female adult mice (3-4 months) were allowed 24-hour access to breeder chow 

and water. For tests of glucose tolerance, mice were individually housed on ALPHA-dri bedding 

(Shepherd) with no food and ad lib access to water for 15-18 hours overnight. The following day 

mice were weighed, anesthetized, and a baseline blood glucose level was acquired from the tail. 

Blood glucose was measured by an AlphaTRAK2 blood glucose monitoring system for dogs and 

cats (Zoetis). AlphaTRAK2 was set to “dog” setting for strip calibration. Mice were then given an 
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intraperitoneal (i.p.) 1.0 g/kg bolus of 0.25 g/mL D-glucose (Sigma G7021) solution in sterile 

water that was prepared the day before. Blood glucose was measured 10, 20, 30, 60, 90, and 120 

minutes after injection.  

Similarly, in a study to measure insulin tolerance, mice were separately housed on ALPHA-

dri bedding with no food for 2-3 hours before the test. Again, mice were weighed, anesthetized, 

and a baseline blood glucose measurement was acquired. Mice were given an i.p. bolus of 0.75 

U/kg of insulin (Humulin R: Eli Lilly and Company) in 0.9% sterile saline. Blood glucose was 

measured 15, 30, 45, and 60 minutes after administration. Animals subjected to both glucose and 

insulin tolerance testing had at least 10 days of recovery between the tests. Furthermore, the 

amount of total tissue removed from any one mouse’s tail was limited to under 5 mm.  

Blood glucose data are presented as average blood glucose levels in mg/dL over the course 

of the experiment and average area under the curve. Fasted blood glucose levels were analyzed by 

two-tailed unpaired t-test. Full data sets were analyzed by a repeat-measures two-way ANOVA. 

In the event of a significant effect or interaction, comparisons were made between genotypes, or 

within genotype with comparisons made between baseline and experimental time points by Sidak’s 

post-hoc. Blood glucose levels were processed by total trapezoidal area under a curve (AUC) 

analysis for each animal and the summed areas were averaged by genotype. The average area for 

each group were analyzed by a student’s unpaired two-tailed t-test. Significance was identified by 

a p-value < 0.05. 

2.8.3 C-Fos staining of hypothalamic neurons in ARL13BV358A mice 

 Adult mice received an i.p. bolus of 0.75 U/kg of insulin or saline 90 minutes prior to 

perfusion. Mice were then anesthetized and transcardially perfused with ~10 mLs of cold PBS 
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followed immediately by ~5 mLs of cold 4% paraformaldehyde in PBS. Brains were carefully 

dissected and post-fixed over night at 4C in 4% paraformaldehyde. The following day brains were 

removed from PFA and placed in a 30% sucrose in 0.1M phosphate buffer (see recipes) for 72 

hours at 4C with solution changes every 24 hours. Following sucrose sink, brains were dried off 

and rapidly frozen on dry ice before being embedded in cryoprotectant OCT (Tissue-Tek 4583).  

Brains were coronally sectioned on a cryostat at a width of ~40 M and immediately placed 

in 1x PBS. Antibody staining was performed on free-floating brain sections in baskets. Sections 

were rinsed three times in PBS for 5 minutes each before incubated in blocking buffer (5% heat 

inactivated goat serum in PBS with 0.1% Triton-X) for 1 hour at room temperature. Sections were 

then incubated with c-Fos antibody (anti-rabbit, Millipore 1:5000) in blocking solution for 48 

hours at 4C on an orbital shaker or rocker. Following primary antibody stain, sections are rinsed 

three times in 1x PBS followed by a 2-hour incubation with goat anti-rabbit secondary antibody 

(Alexafluor 488; 1:500) and DNA stain Hoechst (1:3000) at room temperature with constant 

agitation. Sections are again rinsed three times with 1x PBS and mounted onto Superfrost Plus 

slides and allowed to dry for one hour before cover slipped with Prolong.   

 Slides were imaged on the Leica CTR6000 microscope using SimplePCI software, images 

taken at 5x for depictions of whole regions and 20x for cell counting. Cells were hand counted in 

FIJI or with the automated program, Cell Profiler. Cell Profiler was set up with careful calibration 

of the background and signal levels and was programed to identify regions of interest. Statistical 

comparisons of c-Fos positive cells were made in both saline and pharmacologically-treated 

samples in all genotypes, and analyzed via a two-way ANOVA with posthoc analysis.  

 



62 

 

2.9 Recipes 

0.1M Phosphate buffer, pH 7.3. 69mL of 0.2M monobasic stock + 231mL of 0.2M dibasic stock. 

Bring to final volume with 600mL of dH20. 

0.2M monobasic stock. 13.9g sodium phosphate monobasic monohydrate (Fisher BP330 

or Sigma S9638) in final volume of 500mL dH20. 

0.2M dibasic stock. 53.65g sodium phosphate dibasic heptahydrate (Amrexco 0348) or 

28.4g sodium phosphate dibasic anhydrous (Fisher S374) in final volume 1L dH20. 

 

Ca2+ Ringers Buffer  

1 Liter. In 800 mLs of milliQ water dissolve the following chemicals before bringing the volume 

to 1 L and autoclaving the final solution. Adapted from Jordt et al; Nature 2004. 

Chemical Weight Concentration 

NaCl (Sigma S9888) 9.05 grams 155 mM 

KCl (Sigma P9541) 335.475 mg 4.5 mM 

CaCl2-2H20 (Sigma C4901) 294.02 mg 2 mM 

MgCl2-6H20 (Sigma M8266) 203 mg 1 mM 

D-Glucose (Sigma G8270) 1.8 grams 10 mM 

HEPES-Na (Sigma 54457) 1.19 grams 5 mM 
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Poly-D-Lysine (Sigma P6407) 

Mix 5 mg of Poly-D-Lysine in 25 mL of sterile water, creating a 0.2 mg/mL working solution. It 

should be filter sterilized and aliquots can be stored at -20C and thawed before use. 

 

D-Luciferin Stock (GoldBio LUCK-1G) 

Prepare a 15 mg/mL stock that can be diluted 33.33x in Ringers buffer, creating a 450 g/mL 

working solution. Simply take 300 Ls of the stock and mix in 9.7 mLs of Ringers buffer. Aliquots 

can be stored at -20C.  

Forskolin (Sigma F3917) 

Solubilize 10 mg of forskolin in 2 mLs of 100% DMSO. Make several small 100 L aliquots to 

store at -20C. This stock is 12.18 mM. To create the working solution, take 6.56 L of stock and 

add to 200 Ls of 100% DMSO, yielding a .4 mM working solution. Take 50 Ls of working 

solution and add to 4950 L of Ringers Buffer, yielding a 4 M solution to add to each well. The 

final desired concentration in each well is 1 M.  

 

Smoothened Agonist (SAG) – (Sigma 36450-63-6) 

Generate 10 mM stock aliquots in 100% ethanol and store at -20C. Take 1 L and dilute in 19 

Ls of media, take 1 L into 5 mL of media for a 100 nM solution. 
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HEK293-FT Complete Media 

500mL Corning DMEM High Glucose 10-013  

To it add; 50 mL of FBS, 5 mL of 200 mM L-Glutamine (ThermoFisher 25030149) (100X), 5 mL 

of 10 mM MEM Non-Essential Amino Acids (ThermoFisher 11140050) (100x), 5 mL of Pen-

Strep (ThermoFisher, 10478016), 5 mL G418 (ThermoFisher 10131027) if freezing cells down. 

Media was sterile filtered with a 0.45 m filtration device. Store at 4C for up to 1 year. 

 

MEF media 

500mL Corning DMEM High Glucose 10-013  

To it add; 50 mL of FBS and 5 mL of Pen-Strep. Store at 4C for up to 1 year. 

RIPA Buffer 

50mM sodium-Tris ph7.4 (Sigma 648315), 150mM sodium chloride, 2% NP-40, 0.5% sodium 

deoxycholate (ThermoFisher 89904), 0.1% sodium dodecyl sulfate (SDS; ThermoFisher 28312), 

1mM dithiothreitol (DTT; ThermoFisher15508-013). 1 SIGMAfast protease inhibitor tablet 

(Sigma S8830).  
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2.10 Primers, PCR, and antibodies 
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Program Step 1 Step 2 Step 3 Cycles 

Eppitaq 94C-5m 94C-20s 55C-30s 72C-30s 72C-7m 55 

Ed Hnn 94C-2m 94C-30s 55.4C-30s 72C-30s 72C-5m 30 

ConArl 94C-5m 94C-30s 59C-30s 72C-45s 72C-7m 50 

Table 2. Temperatures and cycle times for PCR programs. 
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Antibody Clone/Catalogue # Dilution Secondary 

Sonic Hedgehog DSHB 5E1 1:10 Goat anti-mouse IgG 488 

FoxA2 DSHB 3A2 1:10 Goat anti-mouse IgG 488 

Nkx2.2 DSHB 74.5A5 1:100 Goat anti-mouse IgG 488 

Hb9 DSHB 81.5C10 1:10 Goat anti-mouse IgG1 488 

Nkx6.1 DSHB F55A10 1:100 Goat anti-mouse IgG1 488 

Pax6 DSHB 1:100 Goat anti-mouse IgG1 488 

Olig2 Millipore AB9610 1:500 Goat anti-rabbit 555/568 

 Table 3. Antibody dilutions for neural tube patterning. 
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Antibody Reference Dilution Secondary 

acetylated -tubulin Millipore Sigma; T6793 1:2500 Anti-Mouse 

ARL13B NeuroMab N295B/66 1:1000 Anti-Mouse 

ARL13B Protein Tech  

17711-1-AP 

1:1000 Anti-Rabbit 

ARL13B (503) Caspary Lab 1:500 Anti-Rabbit 

ARL13B (504) (Caspary et al. 2007) 1:500 Anti-Rabbit 

ARL13B (504) (Caspary et al. 2007) 1:500 Anti-Rabbit 

SMO K. Anderson 1:1000 Anti-Rabbit 

IFT88 B. Yoder 1:1000 Anti-Rabbit 

ARL3 (Cavenagh et al. 1994) 1:1000 Anti-Rabbit 

Inpp5e Protein Tech 17797-1-AP 1:150 Anti-Rabbit 

Gli2 J. Eggenschwiler 1:200 Anti-Guinea pig 

Gli3 R&D AF3690 1:200 Anti-Goat 

Ptch1 R. Rohatgi 1:150 Anti-Rabbit 

Sufu SC10933, Santa Cruz 1:100 Anti-Goat 

Hoechst Nuclear Stain 1:3000  

Alexa Fluor ThermoFisher 1:300 Various 

Table 4: Cilia specific and secondary antibodies. 
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 Smo Ptch1 GloSensor Empty eGFP 

Well 1 200 g - 800 g 400 g - 

Well 2  200 g 400 g 800 g - - 

Well 3 - - 800 g 600 g - 

Well 4 - - - 1400 g - 

Well 5 - - - - - 

Well 6 - - - - 1400 g 

Table 6. Layout for Myers assay transfections in HEK-293FT cells. 
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Figure 2.1  

Examples of how to cut and embed embryos for excellent neural tube patterning results. HLB 

hindlimb bud, FLB forelimb bud. 
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CHAPTER 3 

SMOOTHENED IS REQUIRED IN CILIA FOR THE HIGHEST LEVELS OF SONIC 

HEDGEHOG RESPONSE 

 

This chapter previously published as: 

Gigante, E.D.*, Bushey-Long, A.*, Ben-Ami, J., and Caspary, T. (2018) Hypomorphic Smo 

mutant with inefficient ciliary enrichment disrupts the highest level of vertebrate Hedgehog 

response. Developmental Biology, Vol 437:2. 152-162. doi.org/10.1016/j.ydbio.2018.03.019   

* Equal contribution. 

 

 

 

 

 

 

 

 

 

 



73 

 

3.1 Summary 

 This Smoothened allele is one of several different mutants that came out of a forward 

genetic screen performed in the lab many years before my arrival. The criteria of the screen were 

to find dorsal neural tube defects using a Pax3-GFP reporter. What may not come as a surprise 

anymore is the number of cilia or cilia-associated genes (like Smoothened) that were mutated in 

this screen. This specific allele was identified for its craniofacial defect at embryonic day 

(E)10.5, which is a day later than the lethal stage seen in Smoothened null embryos. Mapped to 

Smoothened, the mutation causes a single base-pair change, resulting in an asparagine-to-lysine 

change at residue 223. In the paper I go into the potential structural consequences of this residue 

change. There are very few Smoothened mutants that have been generated in a physiologically 

relevant manner such as this. A great deal of our knowledge of SMO dynamics come from cell 

culture studies. What’s true in cells is not always true in vivo, which I show is true of this mutant.  

Homozygous mice will survive until birth but have a severe malformation of the 

mandible and nasal cavity. My untested hypothesis is these mice fail to thrive due to an inability 

to respirate. Newborn mice take gasping open-mouth breaths when born and it seems these mice 

are unable to do that. Mice do most of their breathing through their nose, so if it isn’t due to the 

gasping the smaller nasal cavity could also be a contributing factor. Through characterization of 

the E10.5 embryo, I found that Shh signaling is moderately reduced, enough to cause 

developmental defects but not enough to cause prenatal lethality.  

There is a great deal we don’t yet know about SMO, and this allele could shed new light 

on SMO function. In this chapter I will lay out the relevant background of vertebrate Hedgehog 

signaling. I will lay out the evidence for the classification of this receptor as a hypomorph. With 
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help from a structural biology lab, I attempt to understand the consequences this mutation has on 

protein folding that can inform the observed hypomorphic function.  

3.2 Introduction 

Hedgehog (Hh) signaling is essential for embryogenesis and tissue homeostasis (Briscoe 

et al. 2013; Ingham et al. 2001). In vertebrates, there are three classes of Hh ligands: Sonic (Shh), 

Indian (Ihh), and Desert hedgehog (Dhh), all of which require the G protein-coupled receptor 

(GPCR) SMOOTHENED (SMO) for signal transduction (Echelard et al. 1993; Krauss et al. 

1993; Riddle et al. 1993; Zhang et al. 2001). In the absence of Hh ligand, the Hh receptor 

Patched1 (Ptch1) inhibits SMO, which results in the downstream Gli transcription factors being 

cleaved to transcriptional repressors. Upon binding of Hh ligand to Ptch1, the inhibition is lost, 

leading to SMO activation and downstream signaling. The activation of SMO involves multiple 

steps that include conformational change, phosphorylation (Chen et al. 2011; Meloni et al. 2006; 

Chen et al. 2004), and ciliary enrichment (Chen et al. 2011; Eggenschwiler et al. 2001; 

Milenkovic et al. 2009; Boehlke et al. 2010). The processes that regulate SMO activation are part 

of the mechanism by which the level of Hh response is regulated for specific biological 

processes. Too much Hh leads to tumorigenesis, whereas too little leads to birth defects, 

including skeletal and craniofacial anomalies (Bale et al. 2001; Hatten et al. 2011; Muenke et al. 

2000; Nanni et al. 1999; Roessler et al. 1996; Roessler et al. 1997; Vorechovsky et al. 1997; 

Wolter et al. 1997).  

In vertebrates, primary cilia, the solitary microtubule-based projections found on virtually 

all cell types, are required for Hh signal transduction (Huangfu et al. 2003). Cilia are built and 

maintained via intraflagellar transport, which uses kinesin and dynein motors for anterograde and 
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retrograde traffic, respectively. The core Hh pathway components traffic dynamically in and out 

of cilia in a Hh ligand-dependent manner. In the absence of Shh, Ptch1 is visible in cilia (Rohatgi 

et al. 2007). Upon stimulation with Shh, Ptch1 becomes undetectable in cilia, whereas SMO is 

enriched (Corbit et al. 2005). This enrichment, while not sufficient for SMO activation, is 

considered a necessary step in activating SMO (Rohatgi et al. 2009).  

SMO is a 7-transmembrane domain GPCR characterized by a large cysteine-rich domain 

(CRD) at its amino terminus, which plays an essential role in SMO dimerization and function 

(Zhao et al. 2007). The SMO CRD is known to associate with sterols, and recent evidence shows 

cholesterol can directly activate SMO, consistent with the findings that impaired cholesterol 

synthesis in Smith-Lemli-Opitz syndrome impairs SMO activation (Blassberg et al. 2016; Huang 

et al. 2016; Luchetti et al. 2016b; Xiao et al. 2017). However, the exact processes involved in 

activation of SMO remain uncharacterized. Methods to measure SMO activation have been 

limited to downstream processes such as SMO phosphorylation (Chen et al. 2004; Meloni et al. 

2006; Chen et al. 2011), trafficking (Milenkovic et al. 2009; Kovacs et al. 2008; Eggenschwiler 

et al. 2001), and transcriptional pathway output. SMO activation may involve its phosphorylation 

at multiple sites in its C-terminal tail, which induce a conformational change of SMO to an 

active state (Chen et al. 2011). It’s unclear where this conformational change occurs, as there is 

evidence that SMO continuously cycles through the cilium (Ocbina et al. 2008). Graded 

increases in Hh stimulation induce increasing amounts of phosphorylation carried out by several 

kinases, including PKA, CK1⍺, GRK2, and CK1 (Chen et al. 2011; Li et al. 2016a).  

SMO has a heptahelical ligand-binding domain known to interact with several exogenous 

compounds that have helped us better understand SMO activation and how it relates to the 
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primary cilium. For instance, SMOOTHENED agonist (SAG) directly activates SMO, bypassing 

Ptch1-mediated inhibition, and enriches SMO in the cilium (Chen et al. 2002b; Frank-

Kamenetsky et al. 2002; Rohatgi et al. 2009). The exact mechanism of ciliary SMO enrichment 

involves several proteins, including -arrestin and kinesin motors (Kovacs et al. 2008). In cells 

lacking cilia, SAG treatment induces partial phosphorylation of SMO, which can be blocked by 

inhibiting CK1⍺ (Li et al. 2016a).  

In mice, loss of Smo is lethal just prior to embryonic day 9.5 (E9.5) since there is no 

transduction of signaling from Shh, Ihh, or Dhh (Caspary et al. 2002; Zhang et al. 2001). The 

roles of Shh and Ihh in processes like craniofacial and skeletal development as well as neural 

patterning stem largely from work on Shh or Ihh mutant mice. Shh signaling exerts a strong 

influence on craniofacial development, and small changes to the pathway output can 

dramatically alter the facial midline (Zaghloul et al. 2011). Between E9.5 and E10.5, Shh 

expression slowly increases in the pharyngeal endoderm, along the midline of the facial 

ectoderm, and in the ventral forebrain neuroectoderm (Jeong et al. 2005). Here, Shh expression 

promotes neural crest cell survival and is essential for craniofacial organization, especially for 

structures in the midline. The olfactory placodes and nasal pits normally develop bilaterally in 

the ectoderm overlying the ventral forebrain. In embryos without Smo or Shh, a single nasal pit is 

located medially, indicating Hh signaling is required for proper craniofacial separation (Caspary 

et al. 2002; Chiang et al. 1996; Zhang et al. 2001). Loss of Shh disrupts the bilateral symmetry of 

facial development, resulting in defects such as cyclopia and holoprosencephaly; these defects 

are well documented in humans and mice (Belloni et al. 1996; Chiang et al. 1996; Roessler et al. 

1996). Shh promotes the development of skeletal tissues of the limb buds and digits, spine, ribs, 

face, and skull (Chiang et al. 1996). At birth, the long bones of the forelimb (the humerus, radius, 
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and ulna) are ossified, along with centers at the base of each digit. Ihh inhibits chondrocyte 

differentiation and instead supports bone ossification by promoting chondrocyte proliferation in 

cartilaginous tissues, and facilitates bone lengthening in the limbs at the growth plate (St-Jacques 

et al. 1999).  

Shh plays a critical role in specifying the cell fates of neural progenitor cells in the 

developing neural tube (Chiang et al. 1996). Shh ligand is expressed in the notochord and 

produces a ventral-to-dorsal activity gradient that determines specific cell fates based on the 

level of Shh activity (Ericson et al. 1997). For example, the cells at the ventral midline of the 

neural tube experience the highest level of Shh activity and are specified as floor plate 

expressing FoxA2 and Shh (Briscoe et al. 2000). The cells adjacent to the floor plate express 

Nkx2.2, while the next adjacent domain expresses Olig2 (Briscoe et al. 1999; Lu et al. 2000). 

The level of Shh activity integrates the concentration and duration a progenitor cell is exposed to 

ligand (Dessaud et al. 2010; Dessaud et al. 2007; Ribes et al. 2010). Smo null mutants specify no 

ventral cell fates (Caspary et al. 2002; Zhang et al. 2001).  

In this study, we reveal that an N-ethyl-N-nitrosourea (ENU)-induced mouse mutant, 

cabbie (cbb), is a novel allele of Smo. We identified cbb in the course of a forward genetic 

mouse screen for recessive mutations affecting embryonic neural development and picked up cbb 

due to the craniofacial defects we saw at E10.5. cbb mutants die shortly after birth. We show cbb 

embryos display defects that affect cells requiring the highest level of Shh activity. Furthermore, 

we find that the SMO protein in cbb mutants does not enrich properly in cilia. Taken together, 

our data argue that proper ciliary SMO enrichment is necessary for full SMO activation. 

3.3 Results 
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3.3.1 cabbie is a novel Smoothened allele 

We identified the cbb mutation in a recessive ENU screen for embryos with abnormal 

morphology at E10.5. cbb embryos displayed a reduced frontonasal prominence (FNP), and the 

nasal pits collapsed towards the midline (Figure 3.1A,B and Figure 3.2A,B). We induced the 

cbb mutation on a C57BL/6 background and backcrossed to FVB so that we could use 

polymorphic markers and linkage analysis to map the cbb mutation. We found that cbb was 

located on chromosome 6. Through whole-exome sequencing, we identified a cytosine-to-

adenine transversion in exon 3 of the Smo gene. The change is predicted to mutate a conserved 

asparagine (amino acid 223) to a lysine (Figure 3.1C) at a position between the N-terminal 

cysteine-rich domain (CRD) and transmembrane domain 1 (Figure 3.1D).  

To determine whether the C→A mutation underlies the cbb phenotype, we performed a 

complementation test with a null allele of Smo: bent body (bnb) (Caspary et al. 2002; Kasarskis 

et al. 1998). Smobnb single mutant embryos display a distinct head shape, small body size, failed 

embryonic turning, and lethality just before E9.5 (Figure 3.1G), whereas Smocbb single mutants 

survived until just after birth. At E9.5, Smocbb/bnb embryos display a reduced FNP and first 

branchial arch (Figure 3.1H). By E10.5, Smocbb/bnb embryos are often small compared to control 

littermates (Figure 3.1 I,J). Smocbb/bnb heteroallelic embryos died at E10.5-11.5, indicating that 

the alleles fail to complement and the C→A mutation is causative. Thus, the Smocbb/bnb 

phenotype was less severe than the Smobnb/bnb null phenotype, suggesting Smocbb is a 

hypomorphic allele of Smo.  
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3.3.2 Smocbb causes craniofacial and skeletal defects  

 

Figure 3.1 Smocbb is a novel allele of Smo.  

(A and B) E10.5 control and Smocbb somite-matched embryos. Open arrows point to the FNP. 

(C) The cbb mutation changes a conserved asparagine residue to lysine; the species alignment 

shows the changed residue in red and conserved residues in gray. (D) Within the Smo protein, 

N223K (red) is located between the CRD (green) and transmembrane domain 1 (TM1, black). 

Somite-matched control (E) and Smocbb/cbb (F) embryos at E9.5. The mutant embryo is nearly 

indistinguishable from control embryos at E9.5. Of 95 E9.5 embryos dissected: 9 were abnormal 

or dead, 61 were correctly identified as controls, 6 were correctly identified as Smocbb mutants, 

and 19 were called controls but genotyped as Smocbb. (G) Smobnb embryos (null allele) are small 

with a distinct head shape, small somites, and incomplete embryonic turning. (H) Smocbb/bnb E9.5 

embryo. Smocbb fails to complement Smobnb. Filled arrows in (E) and (H) point to branchial arch 

1. (I and J) At E10.5, Smocbb/bnb embryos are viable, but phenotypically delayed with some 

variability in head size, cardioedema, branchial arch development, and viability. Scale bars are 

500 microns. 
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To determine the functional consequences of the Smocbb allele, we examined craniofacial and 

skeletal development since both processes depend on Hh signaling. Smo null embryos display a 

single medially located nasal pit by E9.0, their point of lethality (Caspary et al. 2002; Kasarskis 

et al. 1998; Zhang et al. 2001). In contrast, Smocbb mutants are commonly indistinguishable from 

controls at E9.5 (Figure 3.1F). By E10.5, Smocbb embryos display abnormal outgrowth of the 

nasal processes and a rotation of the nasal pits (Figure 3.2 A,B). The Smocbb phenotype 

progresses as development continues. At birth, Smocbb mutants display hypoplastic mandibles 

(Figure 3.2 C-F), nasal and maxillary bones (Figure 3.2 G,H). These data suggest Smocbb 

permits Hh signaling, yet the highest level of response is not achieved, consistent with Smocbb 

being a hypomorphic allele.  

We examined the skeletons of Smocbb embryos, where Shh and Ihh each play critical 

roles. Despite the craniofacial defect, we found many of the bones of the skull developed in the 

appropriate size and position (Figure 3.2 G,H). We saw that the long bones of Smocbb postnatal 

day 0 (P0) pups are shorter than those of littermate controls (Figure 3.2 I,J). In the caudal 

vertebral column, the centers of each vertebra ossify in the control pups (Figure 3.2 K,S); 

however, in the Smocbb pups, the vertebral bodies are barely present (Figure 3.2 L,T). In the 

limbs, we consistently saw digit defects across Smocbb pups, but the number of digits and 

presence of ossification centers varied in front- and hindlimb paws (Figure 3.2 O-R). In 

addition, the mandibles in Smocbb embryos are consistently smaller than littermate controls, but in 

some cases, we observed premature fusion at the symphysis (Figure 2 M,N). Such subtle 
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phenotypic variability among Smocbb mutants is consistent with this being a hypomorphic allele 

affecting processes that require the highest levels of Hh signaling. 

 

Figure 3.2 Defective craniofacial and skeletal development in Smocbb mutants.  

(A and B) At E10.5, Smocbb mutants showed abnormal outgrowth of the nasal processes and a 

rotation of the nasal pits. n = 176 control and 54 Smocbb embryos. (C and D) By P0, Smocbb mutants 

displayed a more posterior location of the mouth compared to control littermates and (E and F) a 

concomitant reshaping of the face, especially the lower jaw. (G and H) Skeletal preparations of P0 

pups show the hypoplastic mandibles (*), nasal (na) and maxillary (^) bones in the Smocbb mutants. 

(M and N) Isolated mandibles from E18.5 pups stained with alcian blue and alizarin red. (I and J) 

The forelimbs of Smocbb mutants show shorter long bones and a lack of ossification (red staining) in 

the digits. (O and P) Higher magnification view of E18.5 front paws. (Q and R) Higher 

magnification view of E18.5 hind paws. (K, L, S, and T) Spinal columns from Smocbb animals show 

small or absent vertebral bodies. Paired images were taken at the same magnification. 
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3.3.3 Smocbb mutant embryos display abnormal neural tube patterning 

Neural cell fates in the embryonic neural tube depend on Shh activity (Chiang et al. 

1996). To monitor Shh activity in the neural tube, we used a Ptch1-lacZ allele since Ptch1 is a 

transcriptional target of Shh signaling (Goodrich et al. 1997). In the control neural tube at E10.5, 

we saw a steep ventral-to-dorsal gradient of lacZ staining, whereas in the neural tube of Smocbb, 

we saw a diminished lacZ gradient, indicating reduced Shh activity (Figure 3.3 A,B). To 

determine whether the reduced Shh activity led to changes in cell fate, we examined neural 

patterning in Smocbb embryos. We found Shh staining in the notochord of both control and 

Smocbb mutants at E10.5, suggesting the ligand is produced normally (Figure 3.3 C,D). At the 

ventral midline of the control neural tube, we observed Shh staining in the columnar cells of the 

floor plate (Figure 3.3C); however, we detected few Shh-positive columnar cells in the Smocbb 

embryos, indicating a reduced floor plate (Figure 3.3D). The floor plate is the secondary 

signaling center that produces Shh ligand (Ericson et al. 1997) and expresses FoxA2 (Figure 

3.3E). In E10.5 Smocbb mutants, we observed fewer FoxA2-positive cells, some co-expressing 

Nkx2.2 (Figure 3.3F). The motor neuron precursors (Olig2-positive) are dorsally adjacent to the 

Nkx2.2 population (Figure 3.3G). In Smocbb mutants, the Olig2 cells expanded ventrally, but not 

dorsally, compared to control neural tubes (Figure 3.3H). Taken together, these data suggest that 

less Shh production in the floor plate leads to lowered Shh response at the ventral midline and 

the appropriate Shh response at the dorsal Olig2 boundary. 
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Figure 3.3 Ventral shift of neural tube patterning in Smocbb mutant.  

(A and B) Ptch1-lacZ gradient in Control;Ptch1-lacZ and Smocbb;Ptch1-lacZ neural tube sections. (C 

and D) Expression of Shh is greatly diminished or absent in Smocbb. (E and F) E10.5 and (I and J) 

E11.5 sections stained for FoxA2 (red) and Nkx2.2 (green). (G and H) E10.5 and (K and L) E11.5 

sections stained for Olig2 (red) and Nkx2.2 (green). Images are axial sections of somite-matched 

embryos through hindlimb-level neural tube. Scale bars are 100 microns. 
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Progenitors in the neural tube are sensitive to both concentration and duration of Shh 

exposure (Dessaud et al. 2007; Dessaud et al. 2010; Ribes et al. 2010). To examine the 

possibility that Smocbb mutants might delay the kinetics of SMO activation leading to late cell 

fate specification in the neural tube, we examined neural tube patterning in E11.5 embryos. In 

control embryos at E11.5, we saw FoxA2-positive columnar cells in the floor plate and adjacent 

Nkx2.2- and Olig2-positive cells (Figure 3.3I,K). In Smocbb mutants at E11.5, we observed few 

columnar cells expressing FoxA2 at the midline, which instead was populated by Nkx2.2-

positive cells, indicating the floor plate remained unspecified. In contrast to E10.5 Smocbb 

mutants, we saw no coexpression of FoxA2 and Nkx2.2 (Figure 3.3J). The Olig2 domain 

appeared adjacent to the Nkx2.2 domain in both control and Smocbb mutants (Figure 3.3K,L). 

Together, these data argue that Smocbb has disrupted the highest levels of Shh activity, and this 

disruption is not restored over time. 

3.3.4 In vitro analysis of Shh-dependent transcriptional targets in cultured mutant fibroblasts  

To directly examine the level of Shh response, we derived and immortalized mouse 

embryonic fibroblasts (MEFs) from Smocbb and control littermates. We measured transcription of 

the Shh target genes Ptch1 and Gli1 in the absence and presence of Shh. In control MEFs, we 

found increased Gli1 and Ptch1 expression 24 hours after treatment with Shh (Figure 3.4A, 

black comparisons); however, we detected a significantly lower response in stimulated Smocbb 

MEFs, indicating that the SMON223K mutation impaired Shh signal transduction (Figure 3.4A, 

red comparisons). 
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Figure 3.4 Analysis of Shh target transcription in 
Smocbb MEFs.  

(A) Control MEFs showed robust induction of Shh 
transcriptional targets, Ptch1 and Gli1, 24 hours 
after treatment with Shh-conditioned media (Shh 
CM), whereas Smocbb MEFs showed a small 
induction that did not reach statistical significance 
(black comparisons). The small expression levels 
of both Ptch1 and Gli1 in treated Smocbb MEFs 
were significantly reduced compared to Shh-
treated control MEFs (red comparisons). (B) 
Control MEFs showed robust induction of Shh 
transcriptional targets, Ptch1 and Gli1, 24, 48, and 
72 hours after treatment with Shh-conditioned 
medium (reapplied every 24 hours), whereas 
Smocbb MEFs (C) showed a small induction that did 
not reach statistical significance. (**, p < 0.001; *, 
p < 0.01) 
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The reduced Ptch1 and Gli1 transcription we saw in the Smocbb MEFs upon Shh 

stimulation could reflect the moderate level of Shh activity seen in the embryo. Because the 

duration of Shh activity during development plays a key role in neural cell fate and digit 

specification, another possibility is that the SMON223K mutant has altered signal transduction 

kinetics (Scherz et al. 2007; Dessaud et al. 2010; Dessaud et al. 2007; Ribes et al. 2010). To 

examine this possibility, we compared the Shh transcriptional response in control and Smocbb 

MEFs at 24, 48, and 72 hours. For the 48- and 72-hour time points, we re-stimulated with fresh 

Shh-conditioned culture medium every 24 hours. As expected, we found Shh stimulation induced 

Ptch1 and Gli1 transcription in control MEFs at all three time points, with the highest activity at 

48 hours (Figure 3.4B). In contrast, we found Smocbb MEFs did not display higher levels of 

transcriptional response after longer exposure to Shh. Expression of Ptch1 and Gli1 remained 

unchanged across all three time points (Figure 3.4C). These data suggest that the SMON223K 

mutation disrupts the full activation of SMO. 

3.3.5 N223K disrupts the SMO ligand-binding pocket and SAG binding to SMO 

The asparagine-to-lysine change at position 223 in the Smocbb allele is located within the 

linker domain of the protein, downstream of the cysteine-rich domain (CRD) and immediately 

prior to the beginning of transmembrane domain 1 (Figure 3.5A,B). The corresponding residue 

in the human SMO receptor contributes to a ligand-binding pocket, where SMO agonists and 

antagonists bind. In fact, one solved crystal structure shows SMO agonist (SAG) associates with 

the ligand-binding pocket, and hydrogen bonds with the asparagine corresponding to N223 in the 

mouse protein (Wang et al. 2014; Wang et al. 2013). Based on the solved structure, we modeled 

the N223K mutation (N219K in human) and found that a change from asparagine to lysine is 
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predicted to occlude the SMO binding pocket and interfere with the binding of SAG, a potent 

agonist (Figure 3.5C,D), suggesting that SMON223K might be SAG-insensitive. 

 

Figure 3.5 The N223K mutation disrupts the SMO ligand-binding pocket and is insensitive to 

SAG.  

A three-dimensional ribbon model of the human SMO receptor with (A) asparagine or (B) predicted 

model with lysine at residue 219. (A’) Full model of human SMO receptor (aa194-557) with box 

representing the region of the molecule enlarged for clarity in (A) and (B). The membrane-spanning 

alpha helices are arranged so that the extra-cellular N-terminus of the protein is toward the top of the 

model. (C) N219 makes a hydrogen bond with Smo agonist (SAG; blue) as part of the ligand-

binding pocket. (D) K219 is predicted to sterically clash with SAG, indicated by the crossed-out 

SAG. The ribbon backbone of SMO shown in (C) and (D) represents aa215-225, with the N-

terminal end toward the top. (E) Control MEFs showed increased expression of Ptch1 and Gli1 after 

24 hours of treatment with SAG, whereas Smocbb MEFs did not (black comparisons). Expression 

levels of both Ptch1 and Gli1 in treated Smocbb MEFs were reduced compared to SAG-treated 

controls (red comparisons). (F) Treatment with 400nM SAG was unable to direct expression of 

Ptch1 or Gli1 in Smocbb MEFs. (**, p < 0.001; *, p < 0.01) 
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To test this directly, we treated control and Smocbb mutant MEFs with SAG and measured 

Shh transcriptional response. We detected increased Ptch1 and Gli1 expression in SAG-treated 

control MEFs compared to untreated cells (Figure 3.5E, black comparisons). In contrast, we 

found Smocbb mutant MEFs are unresponsive to SAG treatment; we saw no change in Gli1 or 

Ptch1 expression, and the level of expression in SAG-treated Smocbb MEFs was statistically 

lower than in control MEFs (Figure 3.5E, red comparisons). Next, we tested whether the Smocbb 

MEFs could respond to a higher dose of SAG (400 nM, four times higher than in the previous 

experiment). This dose was also ineffective at increasing Shh transcriptional response in mutant 

MEFs, suggesting the N223K mutation renders the SMO receptor refractory to SAG. (Figure 

3.5F). We note that while neither Shh nor SAG statistically induced Gli1 or Ptch1 expression, 

the slight response we detected in Shh-treated Smocbb MEFs may be biologically distinct from 

the lack of expression we saw in SAG-treated Smocbb MEFs (Figures 3.4A,5E). Together, these 

data are consistent with the SMON223K mutation altering the ligand-binding pocket, such that 

SAG cannot effectively bind and activate the receptor. 

3.3.6 SMOOTHENED localization defect in Smocbb in vivo and in vitro after Shh and SAG 

activation 

In vertebrates, SMO is enriched in cilia upon pathway activation, a step that is necessary 

but not sufficient for SMO activation (Corbit et al. 2005; Rohatgi et al. 2009). We looked at 

SMO localization in relation to the primary cilium upon Shh stimulation in control and Smocbb 

MEFs. We examined ciliated cells and classified ciliary staining as fully SMO positive, partially 

SMO positive, or SMO negative (reviewers blinded to genotype, see Methods, Figure 3.6A). In 

Shh-treated MEFs, we found 70% of control cilia are fully SMO positive, compared to 32% in 
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Smocbb cilia (Figure 3.6B). Similarly, in SAG-treated MEFs, we saw that 76% of control cells’ 

cilia are fully SMO positive, compared to 34% of Smocbb cells’ cilia (Figure 3.6B). SMO 

antagonist cyclopamine leads to ciliary enrichment of SMO and binds deeper in the same binding 

pocket as SAG. In cyclopamine-treated cells, we saw 27% of Smocbb cilia are fully SMO positive 

compared to 32% in control MEFs (Figure 3.6B). Moreover, we measured a decrease in baseline 

SMO localization in 0.5% FBS-treated Smocbb MEF cilia compared to controls, indicating an 

inherent defect in SMON223K enrichment (Figure 3.6B). These data argue that ciliary enrichment 

of SMO is impaired in Smocbb MEFs, and the enrichment defect in Smocbb MEFs is the same 

whether we stimulated with a ligand that activates SMO through the endogenous pathway (Shh-

conditioned media) or with pharmacological agents that drive ciliary enrichment of SMO (SAG 

and cyclopamine).  

 To investigate ciliary enrichment of SMO in vivo, we examined SMO localization in the 

E10.5 neural tube. We looked at ciliated cells of the floor plate (where Shh activity is normally at 

the highest levels) for co-localization of SMO and ciliary marker Arl13b. In the floor plate, 

where Shh signaling is highest in the neural tube, ~75% of cilia are SMO-positive in control 

sections compared to ~25% in Smocbb (Figure 3.6C,D). These same cells express FoxA2 and 

Nkx2.2 cell fates in wild-type, whereas in Smocbb mutants they only express Nkx2.2 (Figure 

3.3E,F). Thus, SMON223K appears to remain present in cilia at the ventral neural tube, but at 

much lower levels compared to wild-type. In the context of our data showing that Smocbb mutants 

do not achieve the highest levels of Shh activity in the floor plate, these results indicate that 

efficient SMO ciliary enrichment is required for the highest levels of Shh response. 
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Figure 3.6 SmoN223K causes a cilia 

localization defect in MEFs and E10.5 

neural tube. 

(A) Ciliary staining of Smo (green) in cilia 

(Arl13b; red) is classified as fully Smo 

positive, partially Smo positive, or Smo 

negative. The green channels of the top 

row insets are presented enlarged in the 

bottom row. Images are of monolayer 

MEFs on cover slip at 40X. (B) 

Quantification of Smo localization in 

control and Smocbb MEFs treated with 0.5% 

FBS (control n = 290, Smocbb n = 312), 

Shh-conditioned media (Shh CM) (control 

n = 256, Smocbb n = 259), SAG (control n = 

167, Smocbb n = 162), or cyclopamine 

(control n = 164, Smocbb n = 157). (C) 

Ciliary localization of Smo in control and 

Smocbb E10.5 neural tube. Cilia are stained 

for Arl13b (red) and Smo (green). Insets 

show cilia in the neural tube lumen at the 

floor plate. Neural tube images are of axial 

sections of somite-matched embryos 

through hindlimb-level neural tube at 20X. 

Insets are confocal z-stack of 10 images at 

60X. (D) Quantification of Smo 

localization in control and Smocbb neural 

tube sections. 
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3.4 Discussion 

Here, we identified a mouse mutant displaying craniofacial, skeletal, and neural tube 

patterning defects and showed the defects are due to a N223K mutation in the SMO protein. We 

characterized several phenotypes in Smocbb homozygous embryos consistent with loss of 

maximal Hh signaling, among them a narrow FNP, a reduced floor plate in the neural tube, and 

shortened long bones. The Smocbb allele failed to complement a Smobnb null allele, indicating that 

the N223K mutation in SMO is causative. The Smocbb/bnb compound mutant phenotype is less 

severe than Smobnb null, yet more severe than Smocbb, suggesting a partial-loss-of-function allele. 

Smocbb embryos survive until birth, indicating SMON223K receptor functions sufficiently for 

gestation to proceed. In contrast, we detected no significant induction of Shh target gene 

transcription in Smocbb MEFs, which could mean the N223K mutation disrupts the ability of 

SMO to be fully activated. Consistent with this, we showed that SMON223K protein is 

inefficiently enriched in cilia upon Shh stimulation.  

Within vertebrates, the Smocbb mutation, N223K, occurs at a conserved residue 

corresponding to N219 in human SMO (hSMO), which lies within a linker domain between the 

CRD of the N-terminus and the first transmembrane domain. This linker domain is thought to 

facilitate CRD association with extracellular loop 1 when bound to oxysterols and cholesterol, 

which in turn is critical for SMO regulation (Byrne et al. 2016; Wang et al. 2014; Wang et al. 

2013). One proposed mechanism for this is via a cysteine-cysteine disulfide bond between the N-

terminus and extracellular loop 1 mediated by residue C217 in hSMO (Wang et al. 2013). 

Residue N219 in hSMO forms a critical hydrogen bond with SAG as part of the ligand-binding 

pocket. Without SAG, N219 forms two hydrogen bonds with L221 and D384 on extracellular 
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loop 2. When bound to SAG, N219 releases its D384 bond and instead binds the SAG molecule, 

forming a lid on the ligand-binding pocket (Wang et al. 2014). In a simulation of human SMO 

N219K (Figure 3.5), the L221 bond is lost, and only the D384 association remains, which may 

disrupt SAG binding. Alternatively, lysine is a larger residue than asparagine and is predicted to 

structurally interfere with the binding of SAG. A lack of SAG binding with SMON223K is 

consistent with the lack of SAG-induced gene transcription in Smocbb upon SAG treatment. 

Nevertheless, we do see some SAG-induced SMO enrichment in cilia; therefore, it is also 

possible that SAG binds SMON223K, and the downstream phenotypes we saw are due to a 

conformational change of SMON223K. When MEFs are treated with antagonist cyclopamine, we 

saw similar levels of SMO ciliary enrichment in both Smocbb and control MEFs. Cyclopamine is 

not known to associate with N223 when binding to SMO, and it is therefore unlikely that N223K 

alters cyclopamine binding directly (Chen et al. 2002b; Chen et al. 2002a). However, because 

N223 is located at the entrance of the ligand-binding pocket, N223K could interrupt the entry of 

cyclopamine. Because Smocbb MEFs do not transduce Shh-dependent genes in response to Shh or 

SAG, we cannot determine whether cyclopamine can antagonize the SMON223K receptor and 

block Shh gene transcription.  

One of the most striking results in our studies is the fact that Smocbb embryos survived to 

birth, implying some Hh transduction; however, Smocbb MEFs did not display a statistically 

significant transcriptional response upon Shh stimulation, even after 72 hours of treatment 

(Figure 3.4). One interpretation of these data is that the induction we saw in Smocbb MEFs, while 

not statistically significant, is biologically significant. Consistent with this interpretation is the 

fact that we saw no induction of Gli1 or Ptch1 transcription when we stimulated the Smocbb 

MEFs with moderate or high doses of SAG (Figure 3.5 C,D). If this interpretation is correct, 
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then the time course in MEFs would mean that the N223K mutation disrupts the actual activation 

status of SMO, as opposed to the kinetics of its activation. Of course, the alternative explanation 

is that MEFs in vitro do not reflect what occurs in the living embryo in vivo.  

Our work in vivo provided an unexpected finding about the level of Shh signaling in the 

notochord. The notochord is the source of the Shh morphogen, which is why this is where the 

highest concentration of ligand is seen (Echelard et al. 1993; Riddle et al. 1993). Previous work 

showed that the notochord degenerates in the absence of SMO, arguing that Shh signaling is 

required to maintain the notochord (Caspary et al. 2002). Our analysis of Smocbb mutants showed 

that the notochord is intact, but the floor plate is not properly specified, along with a clear deficit 

in SMO-positive cilia in the ventral floor plate. These data suggest that the floor plate, but not 

the notochord, requires the highest level of Shh signaling.  

The reduced floor plate in Smocbb mutants appears to produce less Shh ligand than in 

controls. In the improperly specified Smocbb floor plate, we observed some Nkx2.2 and FoxA2 

co-expressing cells, suggesting that cell identity is poorly defined at this stage. However, at 

E11.5, we noted a lack of co-labeled cells, suggesting that cell fates resolve over time. This 

indicates that Shh signal integration is delayed, but it does occur. That said, the simple model of 

neural patterning would predict that fewer floor plate cells expressing less Shh would lead to 

patterning defects in all the ventral cell fates. In fact, we observed the ventral expansion of 

Nkx2.2 and Olig2 fates but the dorsal position of the Olig2 domain is the same as in controls. 

This is reminiscent of Gli2 mutants, which also do not specify a floor plate, but display a ventral 

expansion of intermediate cell fates and maintain the dorsal position of the Olig2 domain (Ding 
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et al. 1998; Matise et al. 1998). Thus, the highest levels of Shh response appear necessary 

exclusively at the ventral midline of the neural tube. 

In Smocbb mutants, the reduced floor plate, the lack of vertebral bodies in the backbone, 

the shortening of the long bones of the limbs, and the rotated nasal pits, all reflect a loss of the 

highest levels of Shh activity. In fact, the skeletal phenotype closely resembles that of the Gli2 

null embryo that shares late gestational lethality (Mo et al. 1997), further supporting a loss of 

high-level Shh. While recent evidence suggests that SMO activation can occur in a cilia-

independent manner, the highest levels of activation appear to depend upon ciliary enrichment 

(Fan et al. 2014). Our finding that SMON223K is inefficiently trafficked to cilia suggests a model 

whereby the N223K mutation disrupts efficient protein trafficking to the cilium. The survival of 

Smocbb pups to birth argues that signaling is partially intact. The fact that SAG treatment has no 

impact on the ciliary enrichment of mutant SMON223K protein fits in well with both our proposal 

that SAG cannot bind SMON223K and the notion that phosphorylation of SMO outside the cilium 

initiates the switch of SMO to an active state. SMO is trafficked to cilia after the initial activation 

event that likely causes a change in its conformation in order to expose the C-terminal tail that is 

required for its ciliary enrichment (Corbit et al. 2005). G protein-coupled receptor associated 

sorting protein 2 (Gprasp2) interacts with the SMO C-terminus in addition to a protein, 

Pitchfork, in a complex that contains the kinesin Kif3b motor subunit (Jung et al. 2016). 

Additional evidence showing that -arrestin binds SMO and facilitates the recruitment of kinesin 

motor Kif3a leads to a model whereby the whole complex is needed for SMO transport to the 

cilium (Kovacs et al. 2008). Future work is required to determine whether appropriate 

conformational changes occur in SMON223K, whether disulfide bonds that mediate the association 
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between the sterol-bound CRD and the extracellular loop of SMON223K can be maintained, or 

whether the complexes that mediate ciliary trafficking form with SMON223K.  

The overall conservation of the components and regulatory logic of Hh signaling, from 

flies through vertebrates, make the unique necessity of cilia for Hh signaling transduction in 

vertebrates particularly intriguing (Goetz et al. 2010; Huangfu et al. 2006). The Smocbb mutation 

may be a particularly relevant tool for understanding the relationship between Hh signaling and 

cilia in vertebrates because the poor SMON223K ciliary enrichment could represent a disruption 

specifically in the process co-opted by vertebrates for Hh regulation. At the most extreme end of 

interpretation, the Smocbb phenotype may reflect the evolutionarily conserved Hh mechanism, 

and it may be that to gain higher levels of Hh activity, another level of activation in the cilium 

evolved. 
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CHAPTER 4 

ARL13B IS NOT REQUIRED IN CILIA FOR NORMAL SONIC HEDGEHOG SIGNALING 

This chapter previously published as: 

Gigante, E.D., Taylor, M.R., Ivanova, A.A., Kahn, R.A., and Caspary T. (2020) ARL13B 

regulates Sonic hedgehog signaling from outside primary cilia. eLife 2020;9:e50434 

doi:10.7554/eLife.50434. 
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4.1 Summary 

The presumption is that a protein functions from where it resides. ARL13B is one of the best-

known cilia proteins, widely used by the field as a cilia marker across species. It is not restricted 

to cilia, but it is easily detected there, so the presumption is that it likely functions in cilia. When 

the null allele was discovered by the Caspary lab, we emphasized two key points. 1) ARL13B is 

required for normal Sonic Hedgehog signaling and the organization of Hedgehog components in 

cilia. 2) Loss of ARL13B results in structural defects in the axoneme and short cilia. The 

conclusion was that the structure defects are causative of the signaling defects. 

In this study, I directly tested if ARL13B is required in cilia for it to function by mutating 

its cilia-localization sequence (RVEP-to-RAEP), preventing it from enriching in cilia. To my 

surprise, homozygous Arl13bV358A/V358A mice have normal Sonic Hedgehog signaling, normal 

development, and are completely viable. What’s more, analysis of cilia in cultured cells showed 

cilia are shorter than normal in these mutants. This suggests that the structural defects observed in 

Arl13b null cilia are not causing the signaling defects. Effectively, I uncoupled ARL13B function 

in signaling pathways from its residency in cilia. In this chapter I explore these outcomes based on 

the manuscript published in eLife in early 2020.  

4.2  Introduction 

The Hedgehog (Hh) signaling pathway is essential for embryogenesis in a wide variety of 

organisms. Initially discovered in Drosophila where there is a single Hh ligand, the core 

components of the Hh pathway are conserved in vertebrates (Nusslein-Volhard et al. 1980). These 

include the vertebrate Hh receptor Patched1 (PTCH1), the obligate transducer of the pathway 

SMOOTHENED (SMO), as well as the GLI transcription factors (Ci in Drosophila) that act as 
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both activators (GLIA) and repressors (GLIR) to control target gene transcription (Briscoe et al. 

2013). There are three Hh ligands in vertebrates, Sonic (Shh), Indian (Ihh) and Desert (Dhh), that 

regulate a multitude of developmental processes including formation of the limbs and digits, the 

bones of the skull and face, and the patterning of the neural tube (Placzek et al. 2018). Diminished 

Hh signaling during embryogenesis results in birth defects whereas increased Hh signaling leads 

to tumors, highlighting the importance of the pathway and its regulation (Raleigh et al. 2019). 

Given the deep homology between invertebrate and vertebrate Hh signaling, the discovery 

that primary cilia are required for vertebrate, but not invertebrate, Hh signaling was unexpected 

(Huangfu et al. 2003; Huangfu et al. 2006). Vertebrate Hh components dynamically traffic within 

primary cilia in response to Hh ligand (Corbit et al. 2005; Haycraft et al. 2005; Rohatgi et al. 2007). 

In the absence of ligand, PTCH1 is enriched on the ciliary membrane and SMO is barely detectable 

(Corbit et al. 2005; Rohatgi et al. 2007). Furthermore, full length GLI proteins traffic to the ciliary 

tip and back to the cytoplasm before being cleaved to their repressor form, which actively shuts 

down Hh target gene transcription in the nucleus (Kim et al. 2009; Liu et al. 2005; Wen et al. 2010; 

Humke et al. 2010). In contrast, upon ligand stimulation (Shh, Ihh or Dhh), the PTCH1 receptor 

binds the ligand and shuttles out of cilia (Rohatgi et al. 2007). Subsequently, SMO is enriched in 

the cilium and is subsequently activated (Kong et al. 2019; Corbit et al. 2005). Activated SMO 

promotes the processing of full-length GLI transcription factors into GLIA, which turns on target 

genes (Aza-Blanc et al. 2000; Ruiz I Altaba 1998). Ablation of cilia results in an absence of GLIA 

and GLIR production, rendering the pathway inert and leading to an absence of transcriptional 

response (Huangfu et al. 2005). The dynamic ciliary movement of Shh components appears to be 

critical to pathway function, as alterations to cilia disrupt pathway output (Caspary et al. 2007; 

Huangfu et al. 2006; Liem et al. 2012; Liem et al. 2009; Goetz et al. 2009; Murdoch et al. 2010; 
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Tuz et al. 2014; Cortellino et al. 2009; Houde et al. 2006; Liu et al. 2005; Tran et al. 2008; Taylor 

et al. 2015). 

Given that the fundamental logic of the pathway is conserved from flies through 

vertebrates, and that flies transduce Hh signals without relying on primary cilia, both evolutionary 

and mechanistic questions are raised as to how vertebrate cells co-opted the primary cilium for Hh 

signal transduction. One distinction lies in the fact that vertebrates use Hh signaling over a longer 

distance than flies, leading to the proposal that the primary cilium is a critical part of a mechanism 

underlying long range signaling (Bangs et al. 2015). For example, in neural patterning Shh is 

initially expressed in the notochord and is secreted to specify fates more than 20 cells away (Chiang 

et al. 1996; Briscoe et al. 2001; Roelink et al. 1994). At the evolutionary level, comparisons among 

organisms with cilia and or Hh have provided some clues. The round worm C. elegans have cilia 

yet do not possess Hh signaling as they don’t have most of the genes encoding the core components 

of Hh signal transduction (Consortium 1998; Roy 2012). Curiously, a few components of Hh 

signaling such as fused and costal 2 are in the C. elegans genome where they are functionally 

important for ciliogenesis (Ingham et al. 2011). Additionally, C. elegans retained a PTCH1 

homolog important for development and pattern formation, but no Hh or SMO (Zugasti et al. 2005; 

Kuwabara et al. 2000). In contrast, planaria flatworms possess both cilia and Hh signaling but the 

cilia are not required to transduce Hh signaling (Rink et al. 2009). The first known evolutionary 

link between cilia and Hh is in sea urchins which transduce Hh signal in developing muscle tissue 

via motile cilia (Warner et al. 2014; Sigg et al. 2017). Subsequently, in vertebrates Hh signaling 

requires primary cilia. These data suggest that the mechanistic link of cilia and Hh is limited to 

deuterostomes and raises the question of whether the relationship of Hh and primary cilia 

originated near the last common ancestor of vertebrates, the urochordates. 
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ARL13B is a member of the ARF family of regulatory GTPases and is highly enriched on 

the ciliary membrane (Caspary et al. 2007). In mice, a null mutation of Arl13b leads to short cilia 

and to alterations in Shh signal transduction (Caspary et al. 2007; Larkins et al. 2011). ARL13 is 

ancient, predicted to be present in the last common eukaryotic ancestor. ARL13 appears to have 

been lost during evolution in organisms that lack cilia and duplicated to ARL13A and ARL13B in 

the urochordates, thus ARL13B is proposed to hold important clues in deciphering the links 

between primary cilia and vertebrate Hh signaling (Schlacht et al. 2013; Li et al. 2004; Kahn et al. 

2008; East et al. 2012; Logsdon et al. 2004). 

ARF regulatory GTPases, like ARL13B , are best known to play roles in membrane 

trafficking (D'souza-Schorey et al. 2006). As is true for a large number of regulatory GTPases, 

ARL13B is functionally diverse (Sztul et al. 2019). It regulates endocytic traffic (Barral et al. 

2012), as well as the phospholipid composition of the ciliary membrane through recruitment of the 

lipid phosphatase INPP5E to the ciliary membrane (Humbert et al. 2012). ARL13B also has a 

conserved role as a guanine nucleotide exchange factor (GEF) for ARL3, another ciliary ARF-like 

(ARL) protein (Gotthardt et al. 2015; Zhang et al. 2016; Hanke-Gogokhia et al. 2016; Ivanova et 

al. 2017). ARL13B regulates intraflagellar transport (IFT), the process that builds and maintains 

cilia (Cevik et al. 2010; Li et al. 2010; Nozaki et al. 2017). It is known to interact with several 

proteins associated with cilia, including the exocyst, tubulin and UNC119 (Seixas et al. 2016; 

Zhang et al. 2016; Larkins et al. 2011; Revenkova et al. 2018). Critical to this work, loss of 

ARL13B disrupts Shh signal transduction in at least two distinct ways: SMO enrichment in cilia 

occurs even in the absence of ligand and GLI activator production is diminished, although GLI 

repressor is made normally (Caspary et al. 2007; Larkins et al. 2011). 
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Due to the high enrichment of ARL13B on the ciliary membrane, ARL13B is assumed to 

function in its diverse roles from within the cilium. However, ARL13B is present in early 

endosomes and circular dorsal ruffles on the cell surface (Barral et al. 2012; Casalou et al. 2014). 

We previously showed that a V358A variant of ARL13B does not localize to cilia as it disrupts a 

known VxPx cilia localization sequence (Higginbotham et al. 2012; Mariani et al. 2016). 

Exogenous overexpression of a ARL13BV358A construct in Arl13b null cells does not rescue 

ARL13B -dependent phenotypes such as cilia length as well as interneuron migration and 

connectivity, consistent with ciliary ARL13B mediating these processes (Higginbotham et al. 

2012; Mariani et al. 2016). In contrast, we found that overexpressed ARL13BV358A does rescue the 

Shh-dependent ciliary enrichment of SMO in mouse embryonic fibroblasts, arguing that ARL13B 

may function outside the cilium to regulate SMO traffic (Mariani et al. 2016). Together, these 

results raise the question of where ARL13B functions. 

To define where ARL13B functions in relation to cilia, we wanted an in vivo model so 

generated mice carrying the ARL13BV358A point mutation using CRISPR/Cas9. Here we 

demonstrate that ARL13BV358A protein is undetectable in Arl13bV358A/V358A cilia in both neural tube 

and mouse embryonic fibroblast cilia, even after blocking retrograde ciliary traffic. We report that 

Arl13bV358A/V358A mice are viable, fertile, and transduced Shh signal normally. We found ARL3 and 

INPP5E did not localize to the short cilia present in/on Arl13bV358A/V358A cells. These data indicate 

that ARL13B ’s roles within and outside cilia can be uncoupled; ARL13B ’s role in regulating 

cilia length is from within cilia, whereas its control of Shh signaling appears to be from outside 

the cilium. Thus, these data imply that the cilia defects seen in the complete absence of ARL13B 

do not underlie the alterations in Shh transduction, which is unexpected given the requirement of 

cilia for Shh signal transduction. 
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4.3  Results 

4.3.1 ARL13BV358A displays normal GEF activity 

We previously showed that mouse ARL13BV358A protein retained normal intrinsic and GAP-

stimulated GTP hydrolysis activities by analyzing GST-ARL13BV358A purified from human 

embryonic kidney (HEK) cells (Mariani et al. 2016). In order to test ARL13BV358A GEF activity 

for ARL3, we used the same GST-ARL13BV358A protein preparation and measured the rates of 

spontaneous or GEF-stimulated GDP dissociation from ARL3 in the presence and absence of 

ARL13B or ARL13BV358A. ARL3 spontaneously releases pre-bound GDP quite slowly under the 

conditions in the assay, though release is linear with time, and by extrapolation requires just under 

30 min for 50% of pre-bound [3H]GDP to dissociate (Figure 4.1). In marked contrast, addition of 

ARL13B under the same conditions caused the release of 50% of the GDP within ~10 seconds and 

close to 100% in one minute. We detected no differences between the wild type and mutant 

ARL13BV358A proteins in this 

assay, consistent with this point 

mutation having no effect on 

ARL13B GEF function (Figure 

4.1). This result is consistent with 

GEF activity being conserved 

within the protein’s GTPase 

domain while the V358A mutation 

is located in the C-terminal 

domain (Gotthardt et al. 2015). 

 

Figure 4.1 ARL3 GEF activity is retained in the Arl13bV358A 

mutant.  

Time course of the release of pre-bound [3H]GDP from purified, 

recombinant ARL3 in the absence (ARL3) or presence of mouse 

wild type ARL13B or ARL13B V358A (mARL13B ) are shown. 

See Methods for details. Error bars ± standard deviation. 
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These data indicate that ARL13BV358A retains all known ARL13B biochemical activities, 

suggesting that the V358A mutation only disrupts ARL13B localization. 

4.3.2 CRISPR engineered Arl13bV358A/V358A mice express cilia-excluded ARL13B protein. 

To determine the consequences of ARL13BV358A expression in vivo, we used 

CRISPR/Cas9 editing to change residue 358 from valine to alanine (Figure 4.2A). We performed 

sequencing of the region that flanked exon 8, using primers outside the region of the donor 

oligonucleotide. We confirmed the heterozygous T to C base pair change for a valine to alanine 

change at residue 358 (Figure 4.2B). We backcrossed heterozygous F1 progeny to FVB/NJ for 

three generations before analysis to minimize any off target confounds (see details in Methods). 

Figure 4.2 Generation of the Arl13bV358A/V358A mouse. 

(A) Schematic of Arl13b gene and donor oligo (orange bar) at exon 8 used to generate the V358A 

causing point mutation. Arrows indicate primers used for allele validation. (B) Arl13b DNA and 

relevant amino acid sequence with the RVEP sequence in the orange box and the T-to-C mutation 

highlighted in pink. (C) Confocal images of cilia marker IFT88 (green) and ARL13B (magenta; 

NeuroMab) staining in neural tube of E10.5 somite-matched embryos. ARL13B -positive cilia are 

visible in Arl13b+/+ and Arl13bV358A/+, but not in Arl1bV358A/V358A embryos. (See Figure 2 – Figure 

supplement 1 for images of neural tube cilia under saturating conditions.) At least 5 embryos per 

genotype across five litters were examined. Scale bars are 50 m. (D) ARL13B Western blot of 

E10.5 whole embryo lysates, wild type (+/+), Arl13bV358A/+ (A/+) and Arl13bV358A/V358A (A/A) and 

(E) quantification presented as average intensity normalized to total protein ± standard deviation. 

Representative blot of whole embryo lysates (n = 3 embryos per genotype with technical duplicate 

of each). * p < 0.05, one-way ANOVA and Tukey’s multiple comparison. 
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To determine whether ARL13BV358A is detectable in neural tube cilia, we performed 

immunofluorescence using antibodies directed against ARL13B and the cilia marker IFT88. At 

embryonic day (E)10.5, we saw IFT88 staining, indicating the presence of cilia. In neural tube cilia 

of Arl13b+/+ and Arl13bV358A/+ 

embryos, we observed equivalent 

ARL13B staining but could not see 

ARL13B signal in neural tube cilia 

of Arl13bV358A/V358A embryos 

(Figure 4.2C). We exposed the 

images longer, to saturation, and 

while we observed low-level 

staining throughout the cell, we 

saw no ciliary ARL13B indicating 

the ARL13BV358A protein is 

undetectable in cilia in vivo 

(Figure 4.2 – Figure supplement 1). 

One possible explanation for the absence of ciliary ARL13B in the Arl13bV358A/V358A 

embryos is that the ARL13BV358A protein is not expressed or is unstable. To determine whether 

ARL13B protein expression is affected by the V358A mutation, we performed Western blots on 

E10.5 whole embryo lysates (Figure 4.2D). We found a ~7% (±20%) reduction of ARL13B levels 

in Arl13bV358A/+ embryos and a ~37% (±6%) decrease of ARL13B levels in Arl13bV358A/V358A 

embryos, compared to WT (Figure 4.2E). This decrease may reflect a change in ARL13BV358A 

stability compared to ciliary ARL13B or could signify ARL13BV358A protein having a distinct half-

 

Figure 4.2 – Supplement 1 Overexposure of Arl13bV358A/V358A 

cilia in E10.5 neural tube reveals no clear Arl13bV358A 

presence in cilia. 

Overexposure of cilia in E10.5 Arl13b+/+, Arl13bV358A/V358A, and 

Arl13bhnn/hnn embryonic neural tube, stained for IFT88 and 

ARL13B (NeuroMab). The ARL13B channel was overexposed 

for four seconds instead of one second. 
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life when localizing to different cellular compartments. Regardless, these data indicate that 

ARL13BV358A is expressed in Arl13bV358A/V358A embryos. 

4.3.3 ARL13BV358A protein is undetectable in cilia in mouse embryonic fibroblasts. 

To more closely investigate whether any ARL13BV358A protein could localize to cilia, we 

generated immortalized mouse embryonic fibroblasts (MEFs). We performed double labeling to 

first identify cilia using acetylated -tubulin or IFT88 antibodies and subsequently determined 

whether ARL13B is present in cilia. We used five distinct antibodies against ARL13B : 4 

antibodies against amino acids 208-427 of the mouse ARL13B protein (1 mouse monoclonal 

(NeuroMab), 3 rabbit polyclonal antibodies (Caspary et al. 2007)), as well as 1 antibody against 

the full-length human ARL13B protein (rabbit polyclonal (Protein Tech)). By eye, we observed 

strong ciliary staining of ARL13B with each of the antibodies in Arl13b+/+ and Arl13bV358A/+ cells, 

but we are unable to identify any evidence of ARL13B staining above background within cilia in 

Arl13bV358A/V358A cells with any of these five antibodies (Figure 4.3A). Taken together, these data 

support our conclusion that ARL13BV358A is not detectable in cilia using the currently available, 

validated ARL13B antibodies. While we observed no evidence of detectable ciliary ARL13B in 

Arl13bV358A/V358A MEFs, it is possible that a small amount of ARL13BV358A is constantly trafficking 

in and out of cilia, at steady-state levels that remain below the limits of detection. To begin to 

address this possibility, we blocked retrograde ciliary transport, reasoning that any ARL13B 

undergoing trafficking in and out of cilia would accumulate. We treated cells with ciliobrevin-D, 

which blocks the retrograde motor protein dynein (Firestone et al. 2012). As a positive control, we 

examined IFT88 and GLI3, a ciliary protein and a Hh component, respectively; both are known to 

accumulate at ciliary tips upon blocking of retrograde transport. We found IFT88 and GLI3 
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enrichment at ciliary tips in Arl13b+/+, Arl13bV358A/+ and Arl13bV358A/V358A cells upon ciliobrevin-

D treatment relative to the respective DMSO-treated controls with no difference in IFT88 or GLI3 

staining among the 3 genotypes (Figure 4.3B and C). To determine whether ARL13B 

accumulated in cilia of ciliobrevin-D-treated MEFs, we examined cells co-stained for acetylated 

-tubulin and ARL13B. In Arl13b+/+ and Arl13bV358A/+ cells, we saw that about 90% of acetylated 

-tubulin-positive cilia also stained for ARL13B in DMSO-treated control or ciliobrevin-D treated 

MEFs (Figure 4.3D and E). In Arl13bV358A/V358A MEFs, we saw no ciliary ARL13B staining in 

DMSO-treated control or ciliobrevin-D-treated cells using 2 antibodies against distinct epitopes 

(Figure 4.3D and E). Thus, even when retrograde traffic out of cilia is disrupted, we are unable 

to detect ARL13B protein in cilia in Arl13bV358A/V358A MEFs. 

Figure 4.3 Arl13bV358A is undetectable in cilia and cannot be enriched by inhibition of 

retrograde transport. 

(A) Antibodies against ciliary markers acetylated -tubulin or IFT88 (magenta) and ARL13B 

(cyan) in Arl13bV358A/V358A MEFs. Representative images show staining for five indicated ARL13B 

antibodies: (PT) polyclonal rabbit antibody against full-length human ARL13B from ProteinTech, 

(503, 504, 505) polyclonal rabbit sera from three distinct rabbits raised against C-terminus of 

mouse ARL13B (amino acids 208-427) (Caspary et al. 2007), and (NM) monoclonal mouse 

antibody against C terminus of mouse ARL13B from NeuroMab. Arl13b+/+ and Arl13bV358A/+ 

show ciliary ARL13B staining. Table lists ARL13B -positive cilia and the total number of cilia 

identified by acetylated -tubulin or IFT88 antibody in parentheses. Cilia appear shorter in 

Arl13bV358A/V358A cells (see Fig. 6). (B) IFT88 and (C) GLI3 (green) is enriched in the tips of cilia 

in Arl13b+/+ (+/+), Arl13bV358A/+ (A/+) and Arl13bV358A/V358A (A/A) cells following ciliobrevin-D 

treatment. Violin plots depict relative fluorescence of IFT88 and GLI3 at cilia tip to cell body with 

number of cilia measured (n) listed beneath each plot. (D & E) Table lists ARL13B (cyan) 

positive cilia (rabbit anti-ARL13B ; ProteinTech or mouse anti-ARL13B ; NeuroMab) and the 

total number of cilia (acetylated -tubulin: magenta) examined in control (DMSO) and 

ciliobrevin-D treated (30M CB) cell lines. Representative images show staining for cilia and 

ARL13B. Staining of IFT88 and GLI3 analyzed by two-way ANOVA and Sidak’s multiple 

comparisons. (*** p < 0.001, **** p < 0.0001). 
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We re-examined these data and repeated our analyses using over-exposed images. After 

defining the region of interest using the acetylated -tubulin staining, we subsequently 

overexposed the ARL13B channel five-fold relative to the images in Figure 3 and acquired 

measurements at the cilium and the cell body (Figure 4.2 – Figure supplement 2). As a control, 

we used Arl13bhnn/hnn MEFs, which are devoid of any ARL13B, and obtained a ratio of 1.0, with 

or without ciliobrevin-D treatment. We found the same ratio when we analyzed Arl13bV358A/V358A 

MEFs consistent with ARL13B being absent from the cilia. We observed a few instances of 

ARL13B appearing to co-localize with acetylated -tubulin, but these are rare (<5%, 2/49) and 

occurred in both Arl13bV358A/V358A and Arl13bhnn/hnn (null) cells indicating this is the background 

staining of the primary antibody. We extended our analysis of overexposed images in 

Arl13bV358A/V358A and Arl13bhnn/hnn neural tube sections four-fold relative to the images in Figure 

2; we identified no overlap of overexposed ARL13B with cilia marker IFT88 (Figure 4.2 – 

Figure supplement 1). While it is formally possible that an extremely small amount of 

ARL13BV358A remains in cilia, we are not able to find evidence of it; thus, we designate 

ARL13BV358A protein as cilia-excluded ARL13B.  
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Figure 4.2 – Supplement 2 Overexposure of Arl13bV358A/V358A cilia in MEFs 

reveals no clear Arl13bV358A presence in cilia. 

(A) We identified acetylated -tubulin positive cilia and used the marker to outline 

the area of the cilium. We quantified ARL13B immunofluorescence detected by 

Caspary lab polyclonal anti-ARL13B antibody (Caspary et al. 2007) and used the 

same trace to measure background levels in a different area of the cell body. (B) 

Arl13bV358A/V358A (A/A) and Arl13bhnn/hnn (hnn) MEFs treated with control or 

ciliobrevin-D 0.5% FBS Media. Samples were overexposed five times longer than 

normal, saturating the detector in the ARL13B channel. We measured no difference 

in ciliary ARL13B immunofluorescence between control and ciliobrevin-D treated 

Arl13bV358A/V358A and Arl13bhnn/hnn MEFs. Data presented as violin plots and analyzed 

by one-way ANOVA. Respective number of cilia listed below each plot. Cilia that 

had ARL13B immunofluorescent readings above background (*) are shown in 

panel D. (C) Representative images of over exposed Arl13bV358A/V358A and 

Arl13bhnn/hnn MEFs in control and ciliobrevin-D treatment conditions. (D) 

Representative images of cilia with ARL13B levels above background, marked by 

* in panel B. 

 



111 

 

We did not observe any obvious cellular ARL13B signal in the cells expressing cilia-

excluded ARL13B so we investigated whether we could detect cellular ARL13B in cells lacking 

cilia, IFT172wim/wim MEFs. As controls we used wildtype, Arl13bhnn/hnn (lacking ARL13B ), and 

IFT172wim/wim Arl13bhnn/hnn (lacking ARL13B and cilia) MEFs. We only detected ARL13B staining 

in IFT172wim/wim cells upon overexposure and found it is modestly detectable above the background 

level we observed in Arl13bhnn/hnn or IFT172wim/wim Arl13bhnn/hnn cells (Figure 4.3 – Figure 

supplement 1). Thus, cellular ARL13B is expressed at an extremely low level. 

Table 4.1. 

Genotype of mice born to heterozygous and/or homozygous carrier parents.  

Data analyzed by chi-squared test. 

4.3.4 Arl13bV358A/V358A mice are viable and fertile. 

In order to determine the phenotypic consequence of the Arl13bV358A allele, we intercrossed 

Arl13bV358A/+ mice. We observed progeny in Mendelian proportions with an average of 7.3 pups 

per litter, consistent with the reported FVB/NJ litter size of 7-9 (Murray et al. 2010) (Table 1). To 

test whether homozygous mice breed normally, we crossed Arl13bV358A/V358A males to 

heterozygous or homozygous females. We found the Arl13bV358A allele segregated in Mendelian 

MICE Sex wildtype V358A/+ V358A/V358A

Het x Het M (46.5%) 3 11 6

Avg.  Litter F (53.5%) 6 8 9

7.3 % of Total 20.9 44.2 34.9 c
2
 = 0.60

Het x Hom M (60%) - 10 11

Avg.  Litter F (40%) - 6 8

7.5 % of Total - 45.7 54.3 c
2
 = 0.69

Hom x Hom M (47.4%) - - 9

Avg.  Litter F (52.6%) - - 10

9.5
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proportions and the litter sizes are normal indicating that Arl13bV358A does not impact viability, 

fertility or fecundity. 

  

Figure 4.3 – Supplement 1 Endogenous Arl13b is undetectable in the cell body 

of cilia mutant IFT172wim/wim cells. 

Immunofluorescent detection of ARL13B (cyan; NeuroMab) and cilia marker 

acetylated -tubulin (magenta) in wildtype, Arl13bhnn/hnn, IFT172wim/wim, and 

IFT172wim/wim Arl13bhnn cell lines. (A) In wildtype cells, ARL13B is detectable in 

the cilium under non-saturating conditions, these parameters are kept constant 

across all samples. (B) In IFT172wim/wim non-ciliated cells, ARL13B protein is 

confined to the cell body, but is nearly undetectable by standard 

immunofluorescence. (C-D) In Arl13bhnn/hnn and IFT172wim/wim Arl13bhnn/hnn cells, 

null for Arl13b, any signal is due primary antibody background. At an exposure rate 

4x above normal the ARL13B signal saturates the detector in wildtype cells. In 

IFT172wim/wim cells, overexposure reveals no ARL13B positive stain that is above 

the background detected in Arl13bhnn/hnn and IFT172wim/wim Arl13bhnn/hnn cells. 

Images taken at 40x. Scale bar is 5 m. Experiments repeated in duplicate and 

examined 4-6 fields of view per condition. 
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4.3.5 ARL13BV358A permits normal embryonic development and Shh signaling. 

Loss of Arl13b leads to morphologically abnormal embryos, lethality and neural patterning 

defects (Caspary et al. 2007). As ARL13BV358A overcame the embryonic lethality, we examined 

overall embryo morphology at E9.5, E10.5 and E12.5. We found the overall morphology of 

Arl13bV358A/V358A embryos resembled those of Arl13b+/+ and Arl13bV358A/+ embryos indicating that 

ARL13BV358A did not lead to gross morphological defects. (Figure 4.4A-I). 

At E9.5, Shh is normally expressed in the notochord as well as the floor plate of the ventral 

neural tube. Moving dorsally, the adjacent domains express Nkx2.2 and subsequently Olig2. In 

the Arl13bhnn/hnn (null) neural tube, the Shh-positive columnar cells of the floor plate are absent 

resulting in both ventral and dorsal expansion of intermediate Shh-dependent cell fates such as 

Olig2 (Caspary et al. 2007). To determine whether ARL13BV358A disrupts Shh signaling, we 

 
Figure 4.4 Arl13bV358A mediates normal Shh signaling and neural tube patterning. 

(A-I) Whole embryo and neural tube sections of somite-matched littermates at E9.5, E10.5, and 

E12.5 stained with indicated markers of cell fate. Whole embryo scale bars: 2 mm. (A’-I’ & A”-

F”) Shh-dependent neural tube patterning at three separate time points. Cell fate markers are listed 

above each image. All neural tube scale bars are 50 m. Neural tube patterning was examined in 

five embryos for each embryonic stage. E, embryonic day. 
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examined neural tube patterning in Arl13b+/+, Arl13bV358A/+, and Arl13bV358A/V358A embryos at E9.5, 

E10.5, and E12.5. At E9.5 we observed no differences in Shh, Nkx2.2 or Olig2 among Arl13b+/+, 

Arl13bV358A/+, and Arl13bV358A/V358A embryos (Figure 4.4A-C). Cell fates in the neural tube are 

specified by both the concentration and duration of Shh signaling so we examined neural 

patterning at subsequent stages (Dessaud et al. 2007). By E10.5, some Olig2 precursors have 

differentiated to HB9+ motor neurons and all Shh-responsive cells express Nkx6.1. We found that 

Olig2, HB9 and Nkx6.1 positive cells are normally distributed in all 3 genotypes at E10.5 and 

E12.5 (Figure 4.4D-I). These data indicate that ARL13BV358A mediates normal Shh signaling. 

4.3.6 ARL13B regulates ciliary enrichment of Shh components from outside cilia. 

In Arl13bhnn/hnn cells, SMO is enriched in cilia in a Shh-independent manner, which may 

be due to defective trafficking of SMO, as many ARL family members regulate protein trafficking 

(Lim et al. 2011; Larkins et al. 2011). To assess SMO enrichment in Arl13bV358A/V358A embryos, 

we stained for the cilia marker acetylated -tubulin and SMO in E10.5 embryos. SMO appeared 

enriched normally in ventral floor plate cilia and the dorsal boundary of SMO ciliary enrichment 

in ventral neural progenitors is identical in Arl13b+/+, Arl13bV358A/+, and Arl13bV358A/V358A samples 

indicating ARL13BV358A mediates normal ciliary SMO enrichment (Figure 4.5A). 

To examine SMO traffic in response to Shh stimulation, we treated MEFs with 0.5% FBS 

or Shh-conditioned media for 24 hours and stained for SMO. As expected in control Arl13bhnn/hnn 

cells, we saw ciliary SMO in unstimulated MEFs which increased upon stimulation with Shh-

conditioned media (Larkins et al. 2011) (Figure 4.5B). In Arl13b+/+, Arl13bV358A/+, and 

Arl13bV358A/V358A MEF cilia, we saw ciliary enrichment of SMO upon Shh stimulation over their 

respective unstimulated controls (Figure 4.5B, left). We found no difference in SMO enrichment 
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among these cell lines (Figure 4.5B, right). Thus, despite 

ARL13B being critical for Shh-dependent SMO ciliary 

enrichment, ARL13BV358A regulates SMO localization 

normally, arguing this function of ARL13B can occur 

when the protein is not in cilia. 

In addition to aberrations in SMO trafficking, loss 

of Arl13b leads to changes in the cilia localization of other 

Shh components in MEFs (Larkins et al. 2011). To 

determine whether these components are disrupted by 

ARL13BV358A, we examined GLI2, GLI3, Sufu and 

PTCH1 in MEFs. We observed no differences in 

distribution of GLI2 or PTCH1 among any of the examined 

Figure 4.5 Arl13bV358A mediates normal ciliary 

enrichment of Shh components, but not ARL3 or 

INPP5E. 

(A) SMO (green) enrichment in ventral neural tube cilia 

(acetylated -tubulin: magenta) is normal in E10.5 

embryos. Images are confocal projections. Scale bar is 25 

m. (B-H, Top) Quantification of average fluorescence 

intensity in the tip of the cilium (GLI2, GLI3, and Sufu) or 

the entire cilium (PTCH1, SMO, ARL3, and INPP5E) 

relative to background level. Violin plots depict relative 

fluorescent intensity per cilium with number of cilia 

examined below each plot. (B-H, Bottom) Representative 

images for each condition and cell type with the cilia marker 

acetylated -tubulin (magenta) and indicated protein 

(green). Arl13b+/+ (+/+), Arl13bV358A/+ (A/+), 

Arl13bV358A/V358A (A/A) and Arl13bhnn/hnn (hnn). Data 

analyzed by one-way ANOVA and Tukey’s multiple 

comparisons, except SMO data analyzed by two-way 

ANOVA and 16 comparisons, corrected p < 0.003 deemed 

significant. (** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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genotypes (Figure 4.5C, F). In contrast, as we previously reported, we observed more GLI3 at the 

ciliary tip of Arl13bhnn/hnn cells and increased Sufu in Arl13bhnn/hnn cilia compared to wild type 

controls (Larkins et al. 2011)(Figure 4.5D, E). Thus, Shh components are normally localized in 

Arl13bV358A/V358A MEFs consistent with the normal Shh signal transduction observed in 

Arl13bV358A/V358A embryos (Figure 4.4). 

4.3.7 ARL13B regulates ciliary enrichment of ARL3 and INPP5E from within cilia. 

We next examined the role of ARL13BV358A in the localization of other ciliary proteins. 

ARL13B is the GEF for ARL3, and we showed that ARL13BV358A GEF activity for ARL3 is 

retained (Figure 4.1). ARL13B is also essential for cilia localization of INPP5E, as the proteins 

are in a common complex (Humbert et al. 2012). To determine whether the ciliary localization of 

either ARL3 or INPP5E is affected by ARL13BV358A, we performed immunofluorescence on 

MEFs. Ciliary ARL3 staining appeared the same in Arl13b+/+ and Arl13bV358A/+ MEFs, however 

ARL3 is not detectable in Arl13bV358A/V358A or Arl13bhnn/hnn cilia (Figure 4.5G). INPP5E is 

normally detectable in Arl13b+/+ and Arl13bV358A/+ MEF cilia, but not in Arl13bV358A/V358A and 

Arl13bhnn/hnn MEF cilia (Figure 4.5H). These results indicate that ARL13B is required in cilia for 

the proper localization of ARL3 and INPP5E to the cilium. 

4.3.8 Ciliary ARL13B is required for normal cell ciliation and ciliary length 

Loss of Arl13b leads to defects in the percentage of ciliated MEFs and in cilia length 

(Caspary et al. 2007; Larkins et al. 2011). To test whether ARL13BV358A impacted cell ciliation, 

we examined immortalized MEFs and counted the number of ciliated cells 24 hours after induction 

of ciliation by growth in low serum (0.5% FBS). We found 73% (±11%) of Arl13b+/+ and 75%, 

(±9.1%) of Arl13bV358A/+ MEFs are ciliated, consistent with published results. In contrast, we found 
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45% (±8.7%) of Arl13bV358A/V358A cells and 53% (±6.4%) of Arl13bhnn/hnn cells had cilia (Figure 

4.6A). Thus, Arl13bV358A/V358A cells exhibit a similar deficit in percentage of ciliated MEFs as 

complete loss of ARL13B function. 

Arl13bhnn/hnn cilia are about half as 

long as wild type in both embryos and MEFs 

(Caspary et al. 2007; Larkins et al. 2011). To 

determine whether cilia length is affected by 

ARL13BV358A, we stained MEFs with 

acetylated −tubulin and measured the length 

of the axoneme. We found the average cilia 

length in Arl13b+/+ and ARL13BV358A/+ MEFs 

is similar, 2.7 ± 0.8 m and 2.6 ± 0.9 m, 

respectively. However, we found 

Arl13bV358A/V358A MEF cilia are shorter, 1.9 ± 

0.7 m, similar to Arl13bhnn/hnn MEF cilia 

which are 2.15 ± 0.8 m (Figure 4.6B). These 

results indicate that ARL13BV358A phenocopies complete loss of ARL13B for ciliation and cilia 

length, indicating these ARL13B functions require ARL13B in cilia. Furthermore, these data show 

that ARL13B function within cilia is distinct from ARL13B function outside of cilia in a subset of 

  

Figure 4.6 ARL13BV358A results in decreased 

ciliation rates and short cilia. 

(A) Quantification of ciliation rates in all cell 

types; Arl13b+/+ (+/+), Arl13bV358A/+ (A/+), 

Arl13bV358A/V358A (A/A) and Arl13bhnn/hnn (hnn). 

Fewer Arl13bV358A/V358A and Arl13bhnn/hnn MEFs 

form cilia compared to Arl13b+/+ or Arl13bV358A/+ 

cells. (B) Quantification of axoneme length as 

labeled by acetylated -tubulin (magenta) in 

indicated MEFs. Data are presented as mean (m) 

± standard deviation with the number of cilia 

measured per genotype depicted at the base of each 

bar.  Data analyzed by one-way ANOVA and 

Tukey’s multiple comparisons. (* p < 0.05, ** p < 

0.01, *** p < 0.001, **** p < 0.0001) 
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activities, and that the cilia defects and Shh defects in the complete absence of ARL13B can be 

uncoupled.  

 

 

 

Figure 4.7 Model comparing complete loss of Arl13b function to ciliary loss of Arl13b function 

Wildtype (left), Arl13bhnnhnn (middle), and Arl13bV358A/V358A (right) cilia represented as two halves. On 

the left half is the organization of Shh components in the presence of Shh ligand and on the right half 

is the organization of ARL13B interactors ARL3 and INPP5E. (A) ARL13B associates with the 

ciliary membrane. In the presence of Shh, PTCH1 is removed from cilia and SMO is visibly enriched 

in cilia. SMO is activated which promotes the processing of full-length GLI transcription factors into 

their activator forms (GLIA), that are shuttled out of the cilium to promote Shh-dependent gene 

transcription. In addition, cilia proteins ARL3 and INPP5E are localized to the primary cilium. (B) In 

Arl13bhnn/hnn cells which are null for ARL13B, cilia are shorter than normal. Ciliary PTCH1 and SMO 

are visible, although SMO appears punctate instead of diffuse. In addition, loss of ARL13B decreases 

transcription of Shh-dependent genes due to lowered GLIA. Arl13bhnn/hnn cilia also display a failure 

of INPP5E and ARL3 to localize to the cilium. Because ARL13B is the GEF for ARL3, we speculate 

in this schematic that ARL3 remains GDP bound in Arl13bhnn/hnn cells. (C) In Arl13bV358A/V358A cells, 

ARL13B V358A is not detectable in cilia and appears diffuse within the cell body. Arl13bV358A/V358A cilia, 

like Arl13bhnn/hnn cilia, are shorter than wildtype. We observe normal Shh-dependent ciliary SMO 

enrichment and normal Shh transcriptional output. However, ARL3 and INPP5E are absent from cilia, 

indicating that ciliary ARL13B is required for ciliary residence of these proteins. 
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4.4  Discussion 

Here we show that ARL13B’s role(s) in cell ciliation and cilia length, along with the ciliary 

enrichment of a subset of proteins, can be uncoupled from ARL13B ’s function in regulating Shh 

signal transduction (Figure 4.7). Furthermore, we demonstrate this functional distinction 

correlates with ARL13B spatial localization to the cilium. By generating a mouse expressing a 

cilia-excluded variant of ARL13B from the endogenous locus, we showed ARL13BV358A protein 

is not detectable in cilia of embryonic neural tube or MEFs, even upon retrograde ciliary dynein 

traffic blockade. Furthermore, we detected 30% less ARL13B protein overall in Arl13bV358A/V358A 

embryos compared to control embryos. While this reduction is statistically significant, it is unclear 

whether it is biologically significant given that Arl13bhnn/hnn null mutations are recessive and no 

Arl13bhnn/+ heterozygous phenotype is reported (Caspary et al. 2007; Larkins et al. 2011). 

In contrast to the E13.5 lethality of Arl13bhnn/hnn embryos, we found Arl13bV358A/V358A mice 

are viable and fertile with correct patterning of the neural tube, indicating normal Shh signal 

transduction. These results are consistent with our data showing that ARL13BV358A protein retains 

all known biochemical function including GEF activity (Mariani et al. 2016; Ivanova et al. 2017). 

However, we observed several Arl13bhnn/hnn phenotypes in Arl13bV358A/V358A cells, including loss 

of ARL3 and INPP5E ciliary enrichment, along with low percentage of ciliated cells and shorter 

average cilia length. Taken together, our data show that despite the normal high ciliary enrichment 

of wild type ARL13B and the requirement of cilia for Shh signaling, cilia-excluded ARL13BV358A 

is sufficient for Shh signal transduction. 

We regard ARL13BV358A as cilia-excluded based on several lines of evidence.  We did not 

detect ciliary ARL13BV358A in vivo or in vitro using any of five validated ARL13B antibodies. 
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These antibodies are against two antigens, the full-length protein or residues 208-427, and are 

independently generated so are likely to recognize a number of epitopes. Given that 4 of 5 

antibodies are polyclonal and ARL13BV358A displays normal GTP binding, intrinsic and GAP-

stimulated GTP hydrolysis, and ARL3 GEF activity, it is likely that the ARL13BV358A protein 

retains the wild type structure enabling antibody recognition. Indeed, we observed little or no loss 

in sensitivity in detecting protein in the immunoblot assays. Furthermore, we could not forcibly 

enrich ciliary ARL13BV358A through retrograde transport blockade with ciliobrevin-D nor could 

we detect any ciliary enrichment of ARL13BV358A upon overexposure of the relevant fluorescent 

channel. Alternative ways of trafficking proteins out of cilia include BBSome-dependent or 

diffusion-dependent mechanisms raising the possibility that ARL13B is trafficked via dynein-

independent mechanisms. The fact that we observed ciliary phenotypes, namely short cilia and 

abnormal ciliary ARL3 and INPP5E localization in ARL13BV358A expressing cells, argue that 

ARL13B normally performs these functions from within cilia (Caspary et al. 2007; Larkins et al. 

2011; Zhang et al. 2016; Humbert et al. 2012; Nozaki et al. 2017). While we cannot exclude the 

possibility that sub-detectable levels of ARL13BV358A are present and functional in cilia, we note 

such a level would need to be sufficient for Shh signaling yet insufficient for ARL3 or INPP5E 

ciliary localization along with proper regulation of cilia length. 

Our data support ARL13B regulating different biological processes from its distinct 

subcellular localizations consistent with how other GTPases act from multiple sites in cells through 

different effectors. ARL13BV358A disrupts cilia localization of INPP5E and ARL3, but not Shh 

components and thus provides a novel tool with which to identify additional ARL13B effectors. 

Such effectors may also inform us as to what subcellular compartment ARL13B functions from as 

the cellular ARL13B antibody staining we observe is inconclusive. It is surprising that 
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ARL13BV358A is sufficient to regulate Shh signaling because cilia are required for Shh signal 

transduction and because ARL13B is highly enriched in cilia (Caspary et al. 2007; Huangfu et al. 

2003). These observations suggested that the ciliary defects observed in Arl13bhnn/hnn mutants 

caused the Shh defects. However, our data indicate that ARL13B regulates cilia length and Shh 

signaling through distinct localization. Thus, the cilia defects in Arl13bhnn/hnn mutants do not 

underlie Shh misregulation. 

Based on the normal cilia trafficking of Shh components in Arl13bV358A/V358A mutants and 

the abnormal cilia trafficking of Shh components in the complete absence of ARL13B (Larkins et 

al. 2011), ARL13B likely regulates Shh signaling from the cell body by controlling Shh component 

traffic to and/or from the primary cilium. Both SMO and ARL13B traffic is linked to endosomes 

providing one possible non-ciliary organelle (Barral et al. 2012; Wang et al. 2009; Milenkovic et 

al. 2009). Arl13bhnn/hnn cells display constitutive SMO ciliary enrichment along with little 

enrichment of GLI proteins at the ciliary tip (Larkins et al. 2011). Our data do not distinguish 

between ARL13B playing direct roles in traffic of multiple Shh components or whether the normal 

SMO ciliary enrichment with ARL13BV358A subsequently causes normal cilia traffic of 

downstream components. ARL13B regulates a step downstream of activated SMO that controls 

transcription factor GLI activation, but not repression (Caspary et al. 2007; Bay et al. 2018). We 

argue from our results that this step is also intact in the presence of ARL13BV358A. 

The fact that ARL13BV358A can mediate normal ciliary SMO enrichment is especially 

interesting given that ARL3 and INPP5E localization to cilia is compromised by this mutation. 

This suggests that ARL13B controls cilia enrichment via multiple localizations and effectors. This 

is consistent with our understanding of ARF family members, as they are known to perform 



122 

 

multiple tasks from different sites within a cell (Sztul et al. 2019). We speculate that ARL3 

residence in cilia may require that ARL3 be in (or at least cycle through) its activated, GTP-bound 

conformation as ARL13BV358A retains its ARL3 GEF activity, but not its cilia localization. 

ARL13B is in a common protein complex with INPP5E so absence of ARL13B from cilia may 

disrupt formation or maintenance of the complex there (Humbert et al. 2012; Nozaki et al. 2017). 

INPP5E regulates Shh signaling through regulation of the phosphoinositol composition of the 

ciliary membrane. INPP5E loss results in increased ciliary PIP2 and enrichment of Shh repressors 

in cilia thus resulting in lowered Shh response (Garcia-Gonzalo et al. 2015; Chavez et al. 2015; 

Dyson et al. 2017). It is not clear why the absence of ciliary INPP5E in ARL13BV358A cells does 

not lead to aberrant Shh signal transduction. 

In Arl13bhnn/hnn embryos and MEFs, cilia are shorter than normal and have a microtubule 

defect where the B-tubule of the microtubule outer doublet is open (Caspary et al. 2007; Larkins 

et al. 2011). Consistent with this, we observed shorter cilia in Arl13bV358A/V358A MEFs. Similarly, 

we observed a comparable reduction in the percent of cilia in Arl13bhnn/hnn and Arl13bV358A/V358A 

MEFs compared to wild type MEFs. While loss of ARL13B results in short cilia, increased 

expression of ARL13B promotes cilia elongation so it is not yet clear what ARL13B ’s role is in 

controlling cilia length (Lu et al. 2015; Hori et al. 2008; Caspary et al. 2007; Larkins et al. 2011). 

Additionally, it is unclear whether the mechanism from within cilia through which ARL13B 

controls length or percent of ciliated cells is the same, or distinct from, the mechanism through 

which ARL13B regulates ARL3 or INPP5E residence in cilia. 

Perhaps the most intriguing implication of our data pertains to understanding the evolution 

of cilia and Hh signaling. ARL13 functions in cilia formation and maintenance in Chlamydomonas 
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and C. elegans, neither of which have Hh signaling, consistent with the ancient role of ARL13 

controlling ciliation and cilia length (Cevik et al. 2010; Cevik et al. 2013; Stolc et al. 2005; 

Miertzschke et al. 2014). Our data support ARL13B retaining ARL13’s ancient role in 

ciliogenesis. However, our data show that ARL13B does not work from within the cilium to 

regulate Shh component ciliary traffic or Shh signal transduction. As an ARL protein involved in 

membrane traffic, we speculate that ARL13B may have linked Shh component trafficking to the 

primary cilium, albeit from outside the cilium. That the ARL13 duplication could relate to the 

mechanism linking primary cilia and Hh signaling within the deuterostome lineage is a possibility 

worth exploring. 
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CHAPTER 5 

AN ANALYSIS OF OBESITY AND CYSTIC KIDNEYS IN Arl13bV358A/V358A AND 

Arl13bV358A/hnn MICE 
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5.1 Summary 

 Ciliopathy patients can present with a wide range of syndromes, including cystic kidney 

disease and obesity. The ciliary mechanism(s) that regulate and prevent either disease is unknown. 

During my research of Shh signaling defects in Arl13bV358A/V358A and Arl13bV358A/hnn mice I 

observed cystic kidney and obesity phenotypes. Adult Arl13bV358A/V358A and Arl13bV358A/hnn mice 

developed kidney cysts. Surprisingly, Arl13bV358A/hnn mice presented with more severe cystic 

kidney phenotype, suggesting a potential dosage effect controlled by the amount of ARL13BV358A 

protein. Arl13bV358A/V358A and Arl13bV358A/hnn mice maintained on standard or breeder chow gained 

significantly more weight than their littermate controls. They also presented with insulin and 

glucose tolerance defects, consistent with hyperglycemia and insulin resistance found in other 

mouse models of obesity. A preliminary analysis of ARL13B expression levels in control and 

mutant embryos revealed decreased expression of ARL13B protein in Arl13bV358A/hnn embryos 

compared to levels measured in Arl13bV358A/V358A. The reduced expression of ARL13BV358A protein 

is consistent with a possible dosage effect. This correlates with the observed severity of the 

phenotype in Arl13bV358A/hnn mutants compared to Arl13bV358A/V358 mice. I will use this chapter of 

my thesis to describe these two ongoing projects. 

5.2 Introduction 

Throughout ontogeny, nearly every cell type will at some point have a primary cilium 

(Bangs et al. 2015). In humans, disruptions in cilia proteins, be they involved in trafficking, 

structure, or signaling, will cause a group of disease states collectively termed ciliopathies 

(Forsythe et al. 2013; Berbari et al. 2013; Zaghloul et al. 2009; Cantagrel et al. 2008). Ciliopathy 

patients can have a wide range of phenotypes from retinopathies, polycystic kidney disease (PKD) 
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and nephronophthisis, and obesity, to name a few (Reiter et al. 2017). Our understanding of cilia 

function in adult tissues is incomplete, and so there is a surge in focus on researching how cilia 

gene mutations cause the development of ciliopathies. Characterizing the function of cilia in adult 

tissues has been hampered by gestational lethality of cilia mutations (Kasarskis et al. 1998). The 

lethality can be bypassed through conditional alleles under control of cell type specific or inducible 

promoters. An alternate route is to make non-lethal targeted mutations in cilia genes using 

CRISPR/Cas9 technology.  

5.2.1 Cilia dysfunction is linked to the formation of kidney cysts and kidney disease 

Polycystic kidney disease (PKD) is an enlargement of the nephron lumens, caused by fluid 

buildup, resulting in cyst formation and growth. The consequence is a chronic and progressive loss 

of kidney function, resulting in end stage renal disease and death (Bergmann et al. 2018; Harris et 

al. 2009). The lumens that form kidney cysts contain mechanosensitive primary cilia that are 

responsible for detecting fluid flow through the lumen (Singla et al. 2006). In the kidney, 

disruptions in cilia and ciliary genes drives cystogenesis through a pathway that is still unclear, 

but some suppose it is due to a loss of nephron quiescence (Li et al. 2007). The majority of PKD 

patients have mutations in one of two kidney genes, PKD1 and PKD2, which encode the cilia-

localized polycystic proteins PC1 and PC2, respectively(Mochizuki et al. 1996; Cornec-Le Gall et 

al. 2018; Boettger et al. 2012). Both PC1 and PC2 are required for the suppression of the yet 

unidentified cilia-dependent cyst activation (CDCA) factor or pathway (Ma et al. 2013; Legué et 

al. 2019; Ma et al. 2019; Ma et al. 2017). The CDCA is thought to function through cilia because 

cyst formation from deletion of PKD1 or PKD2 can be suppressed when cilia are concomitantly 

removed (Ma et al. 2013). More recently, evidence linking the CDCA to cilia came from an 
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analysis of a cilia-excluded form of PC2 that permitted the formation of severe renal cysts (Walker 

et al. 2019). Thus, PC2 must be in cilia to exert control over the CDCA. Identification of the CDCA 

has been hampered by the difficulty of uncoupling cilia proteins from their localization to cilia, 

without removing them entirely.  

ARL13B is a ciliary GTPase, and patients with mutations in ARL13B develop Joubert 

Syndrome, a ciliopathy that can be caused by more than 35 different cilia genes (Kniffin 

10/30/2018). Kidney dysfunction and nephronophthisis is common among Joubert Syndrome 

patients, but no ARL13B patients with kidney dysfunction have been identified (Doherty 2009). 

Patients with Joubert Syndrome are often children and so the possibility of them developing kidney 

dysfunction in the future cannot be ruled out (Cantagrel et al. 2008). In contrast, zebrafish and 

mouse models have clearly implicated ARL13B in normal kidney development and function 

(Duldulao et al. 2009; Seixas et al. 2016; Sun et al. 2004; Li et al. 2016b). In mouse, conditional 

deletion of Arl13b in the nervous system and kidneys causes severe cyst formation. Moreover, the 

nephron cells that typically have cilia are unciliated following Arl13b deletion (Seixas et al. 2016). 

The complete loss of cilia in kidney is unexpected as Arl13b deletion in other tissues causes short 

cilia but does not ablate cilia entirely (Caspary et al. 2007; Larkins et al. 2011). This difference in 

phenotype suggests ARL13B may play a distinct role in kidney compared to other tissue types, a 

concept supported by the differential regulation of ARL13B by cilia trafficking protein TULP3 

(Badgandi et al. 2017). In kidney, TULP3 targets ARL13B to cilia, but not in other tissues (Legué 

et al. 2019; Hwang et al. 2019; Han et al. 2019). Loss of Tulp3 also excludes PC1/2 from cilia, but 

concomitant loss of Tulp3 and Pkd1 suppresses the severe cyst formation caused by loss of Pkd1 

alone (Hwang et al. 2019; Legué et al. 2019). Thus, TULP3 regulation of the CDCA implicates 

the ciliary localization of ARL13B.    
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5.2.2 Mutations to cilia genes can cause obesity 

Mouse models of ciliopathies often show cystic kidney phenotypes that can be slow 

growing or severe if organism wide. However, if the deletion occurs after weaning age, it can often 

lead to excessive weight gain in adults (Li et al. 2007; Guo et al. 2011; Heydet et al. 2013; Jacobs 

et al. 2016). The most widely known ciliopathy linked to obesity is Bardet-Biedl syndrome (BBS), 

caused by mutations in genes that encode the BBSome. The BBSome is an octameric protein 

complex involved in the dynamic shuttling of ciliary proteins and GPCRs out of cilia (Slavotinek 

et al. 2000; Ansley et al. 2003; Zaghloul et al. 2009; Guo et al. 2011; Forsythe et al. 2013; Loktev 

et al. 2013). BBS patients are obese due to excessive caloric intake, suggesting that there is a 

neurological cause for their hyperphagia. In simplest terms, obesity is caused by a caloric intake 

that far exceeds energy expenditure. Patients that are obese will also often have diabetes because 

of their excessive weight and/or poor diet. Still, there are several factors that can lead to obesity 

and diabetes, genetic and environmental.  

Signals of satiety largely originate in the periphery, but they act centrally to control feeding 

behaviors (Chambers et al. 2013). Neurons in the hypothalamic arcuate nucleus, POMC and AgRP, 

are responsible for receiving and coordinating anorexigenic and orexigenic signals (Cowley et al. 

2001). Like most adult neurons, the hypothalamic neurons controlling satiety also have primary 

cilia. In mice, genetic ablation of cilia in POMC neurons (via Kif3a deletion) causes excessive 

weight gain (Davenport et al. 2007). The cilia of hypothalamic neurons typically contain GPCRs 

with established function in satiety and metabolism signaling, such as MCHR1, SSTR3, and leptin 

receptors (Handel et al. 1999; Berbari et al. 2008a; Berbari et al. 2008b; Schulz et al. 2000). 

Clearly, cilia are part of the homeostatic response these cells exert in response to satiety signals, 
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but their function in these neural networks and signaling pathways is still being deciphered. 

GTPases are commonly involved in membrane trafficking pathways and ARL13B is known to 

regulate the trafficking of Shh pathway components (Larkins et al. 2011; Barral et al. 2012; 

Gotthardt et al. 2015; Lim et al. 2011). To date, there is only one Joubert Syndrome patient with 

mutation in ARL13B that also presented with obesity (Thomas et al. 2015). Obesity is not 

commonly linked to Joubert Syndrome but is common in other ciliopathies. One of the causal 

genes is BBS3 which encodes the cilia protein ARL6 (Chiang et al. 2004). So, while the link 

between cilia and obesity is clear and other Arl proteins have been implicated, how ARL13B 

contributes to the regulation of satiety signals is unknown.   

In this chapter, I detail my preliminary investigation of the phenotypes I observed in the 

Arl13bV358A/V358A and Arl13bV358A/hnn mutant mice: cystic kidneys and obesity.  

5.3 Results 

5.3.1 Early characterization of cystic kidney phenotypes in Arl13bV358A mutant mice 

Conditional deletion of Arl13b before P14 causes large kidney cysts and early lethality, as 

well as a complete loss of kidney cilia (Seixas et al. 2016). To test whether ARL13B is required 

in cilia for the proper formation of kidney cilia and normal regulation of kidney function I 

examined kidneys in Arl13bV358A/V358A and Arl13bV358A/hnn mice. I observed enlarged kidneys in 

adult, but not in young mice, suggesting the presence of slow growing or late onset kidney cysts. 

Upon cross section I discovered an expansion of the renal cortex caused by cystic features (Figure 

5.1A). Cystic index often appeared worse in Arl13bV358A/hnn mice, and in some cases, cysts are 

visible on the surface of the kidney. Through measurement of kidney weights, I found that kidneys 

in female mutant mice weighed more than their control counterparts, but this difference is not 
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detected in males (Figure 5.1B). Next, I examined kidney cilia to determine whether the kidney 

cysts are a consequence of lost cilia. In the kidneys of Arl13bV358A/+control animals, I observed 

acetylated -tubulin and ARL13B positive cilia. However, In Arl13bV358A/hnn kidneys I observed 

acetylated -tubulin positive cilia, but no ARL13BV358A is detectable in those cilia (Figure 5.2). 

These data suggest that ARL13B has a cilia-specific function in kidneys that is lost in 

Arl13bV358A/V358A and Arl13bV358A/hnn mutant mice. Moreover, the severity of the cystic phenotype 

in Arl13bV358A/hnn mutants suggests a dosage effect of ARL13BV358A.        

    

 

 

Figure 5.1 Arl13bV358A/V358A and Arl13bV358A/hnn adult mice display kidney cysts.  

(A) Arl13bV358A/V358A and Arl13bV358A/hnn mice display large kidneys compared to control mice. 

(B) Graph of kidney weights in female and male Arl13bV385A/+, Arl13bV358A/V358A, and 

Arl13bV358A/hnn mice. A one-way ANOVA among female groups revealed significant increase 

in kidney weight in Arl13bV358A/V358A and Arl13bV358A/hnn groups compared to Arl13bV358A/+ 

controls. A similar analysis among male groups revealed no statistically significant difference, 

* p-value < 0.05, n = 6-12 per group.  
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Figure 5.2 Arl13bV358A/hnn kidneys have cilia but lack ciliary Arl13b. 

Arl13bV358A/hnn mice retain their kidney cilia. Cilia marker is acetylated -tubulin (anti-mouse) in 

magenta and ARL13B (anti-rabbit) is in cyan. Images are from a single experiment that was not 

repeated. 
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 5.3.2 Female and Male Arl13bV358A mutants 

weigh significantly more than control mice 

I observed that adult Arl13bV358A/V358A 

mice appeared to weigh more than their 

wildtype and heterozygous littermates. To test 

this, I tracked mouse weights weekly from 

postnatal day (P)21 to P105, or week 3 to week 

15 with mice maintained on standard mouse 

chow with 5% fat content. In both groups, I 

observed some separation in weights that began 

around week 10. These preliminary data are not 

suitable for statistical testing, but the trend 

suggested that female and male 

Arl13bV358A/V358A mice gain more weight than 

their littermate controls (Figure 5.3).  

To better understand this phenomenon, 

I placed a second cohort of mice on a higher fat 

breeder chow diet, raising the fat percentage 

from 5% to 9%. Due to the higher fat content of 

the food mice I predicted mice would gain weight faster. In this experiment, I separated all mice 

by sex and genotype; tracking weights of female and male Arl13b+/+, Arl13bV358A/+, and Arl13bhnn/+ 

controls, and Arl13bV358A/V358A and Arl13bV358A/hnn mutant mice (Figure 5.4 A, B). There are no 

 

Figure 5.3 Arl13bV358A/V358A mice on standard 

chow gain more weight than heterozygous 

controls. 

Preliminary weight data generated with (A) 

female and (B) male Arl13bV358A/+ (V/+) and 

Arl13bV358A/V358A (V/V) mice maintained on 

standard chow. The weight phenotype was subtle 

when mice are maintained on standard chow. This 

data is preliminary, and its collection was 

sporadic, therefore it is not suitable for analysis 

(or publication). It was early evidence that 

homozygous Arl13bV358A/V358A mice were gaining 

more weight than their control littermates. 
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reports of Arl13bhnn/+ mice presenting with obesity phenotypes, so it is important to track the 

weights of these mice separate from Arl13b+/+ and Arl13bV358A/+ mice (Caspary et al. 2007). As 

predicted, mice on higher fat mouse chow gained weight faster, and differences between control 

and mutant groups emerged earlier. Furthermore, at no point during this experiment did Arl13b+/+, 

Arl13bV358A/+, and Arl13bhnn/+ controls differ in weight for either sex.  

In the female cohort, at 5 weeks postnatal, control mice weighed between 19 and 20 grams, 

and Arl13bV358A/V358A mice weighed 22.4 grams (± 4.18), more than Arl13b+/+, but not Arl13bV358A/+ 

and Arl13bhnn/+ controls. Arl13bV358A/hnn mice weighed an average of 21.4 grams (± 3.71), which is 

not higher than weights in Arl13b+/+, Arl13bV358A/+, Arl13bhnn/+ control groups, or Arl13bV358A/V358A 

mutant mice (Figure 5.4C). By the end of the study, female Arl13bV358A/V358A mice had an average 

weight of 31.5 grams (± 5.67) and Arl13bV358A/hnn mice had an average weight 31.3 grams (± 4.53). 

Both groups weighed significantly more than Arl13b+/+, Arl13bV358A/+, Arl13bhnn/+ control groups 

which only weighed between 22 and 24 grams (Figure 5.4E).  

I observed a similar trend in male mice. At 5 weeks postnatal, control mice weighed 

between 22 and 24 grams, compared to 28.6 grams (± 4.18) and 26.9 grams (± 3.26) in 

Arl13bV358A/V358A and Arl13bV358A/hnn mice, respectively (Figure 5.4D). At this stage, 

Arl13bV358A/V358A and Arl13bV358A/hnn mice weighed more than Arl13b+/+, Arl13bV358A/+, and 

Arl13bhnn/+ controls. The increased weight measured in Arl13bV358A/V358A and Arl13bV358A/hnn mice 

persisted throughout the remainder of the time course. By week 10, control mice weighed between 

27 and 29 grams, compared to 37.5 grams (± 4.85) and 38.1 grams (± 4.40) in Arl13bV358A/V358A 

and Arl13bV358A/hnn mice, respectively. As with previous weeks, both Arl13bV358A/V358A and 

Arl13bV358A/hnn groups weighed significantly more than Arl13b+/+, Arl13bV358A/+, and Arl13bhnn/+ 
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controls (Figure 5.4F). Furthermore, at no point did I measure differences between 

Arl13bV358A/V358A and Arl13bV358A/hnn mice. Together, these data suggest that regardless of sex, 

Arl13bV358A/V358A and Arl13bV358A/hnn mice gain significantly more weight than their littermate 

controls, and that these differences can emerge as early as 5 weeks postnatal. Moreover, 

Arl13bV358A/V358A mice do not weigh more during pre-weaning stages, differences only emerged 

after weaning. Therefore, Arl13bV358A/V358A and Arl13bV358A/hnn mice only gain more weight once 

they can self-feed on mouse chow. This would be consistent with obesity induced by overeating, 

or hyperphagia. Data in this section are presented as mean (± standard deviation).  

Figure 5.4 Arl13bV358/V358A and Arl13bV358A/hnn mice gain more weight than heterozygous or 

wildtype controls. 

Mice maintained on breeder chow diet were weighed weekly from postnatal day (P)21 to P70. (A) 

Average weight of female Arl13b+/+(+/+), Arl13bV358A/+(V/+), Arl13bhnn/+ (h/+), Arl13bV358A/V358A 

(V/V), and Arl13bV358A/hnn (V/h) mice over time. The n per group is depicted next to each genotype. (B) 

Average weight of male Arl13b+/+(+/+), Arl13bV358A/+(V/+), Arl13bhnn/+ (h/+), Arl13bV358A/V358A (V/V), 

and Arl13bV358A/hnn (V/h) mice over time. (C) Female and (D) male weigh data from postnatal week 5 

represented in bar graph form. Control mice did not differ in weight at any time point for either sex. 

In females, Arl13bV358A/V358A mice weighed more than control Arl13b+/+ mice. In contrast, male 

Arl13bV358A/V358A mice were heavier than all control groups (represented by ***), and Arl13bV358A/hnn 

mice weighed more than Arl13b+/+ and Arl13bV358A/+groups, but not Arl13bhnn/+mice (represented by 

**). (E) Female and (F) male weigh data from postnatal week 10 represented in bar graph form. 

Control mice did not differ in weight at any time point for either sex. In females, Arl13bV358A/V358A and 

Arl13bV358A/hnn mice weighed more than control groups (represented by ***). A similar outcome in 

males, Arl13bV358A/V358A and Arl13bV358A/hnn mice were heavier than all control groups (represented by 

***). The n per group is depicted next to each genotype. Bar graph data analyzed by one-way ANOVA 

with Tukey’s test for multiple comparisons. Significance determined by p-value < 0.05, ns is not 

significant.  
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5.3.3 Arl13bV358A carrying mice have impaired glucose tolerance 

 Because of the observed increases in 

weight I next wanted to test homeostatic 

responses in fasted Arl13bV358A/V358A and 

Arl13bV358A/hnn mice following a glucose 

bolus. Mice are fasted overnight for 15-18 

hours with access to only water. The 

following day I acquired a baseline blood 

glucose level before administering a 1.0 g/kg 

dose of 0.25g/mL D-Glucose i.p. Comparing 

baseline, fasted blood glucose levels, female 

Arl13bV358A/V358A mice trended toward higher 

levels compared to controls, an average of 

115.9 mg/dL (± 23.2) compared to 91.9 (± 

12.0) mg/dL in controls. In contrast, 

Arl13bV358A/hnn mice had blood glucose levels 

higher than controls, an average of 128.5 

mg/dL (± 38.0) (Figure 5.5A). In the male 

cohort, I measured increased blood glucose levels in Arl13bV358A/hnn mice, 151.8 mg/dL (± 32.9) 

compared to 106.2 mg/dL (± 297.8) in controls (Figure 5.5B). In both sexes, Arl13bV358A/V358A 

mice did not have higher baseline blood glucose levels compared to controls. Therefore, the 

measured increase in Arl13bV358A/hnn mice above controls suggests a possible dosage effect of 

ARL13BV358A.  
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Figure 5.5 Comparisons of fasted, baseline blood 

glucose levels in female and male mice after 

overnight fast. 

(A) In females, Arl13bV358A/hnn mice have higher 

resting blood glucose levels compared to controls, 

and Arl13bV358A/V358A mice presented with only a 

trend towards higher levels. (B) In male cohorts, I 

measured similar outcomes, no differences between 

Arl13bV358A/V358A mice and controls, but an increase 

in Arl13bV358A/hnn mice. These data include fasted 

levels from mice in 2.0 g/kg experiments (Figure 

5.4) and mice from 1.0 g/kg experiments (Figure 

5.6). Data are presented as bar graphs with a scatter 

plot of each data point overlay, separated into 

female and male cohorts. The n for each group is 

depicted at the base of each bar. Error bars 

represent standard deviation. Data analyzed by one-

way ANOVA and Tukey’s post-hoc. P value < 0.05 

*, ns = not significant.  
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Figure 5.6 Arl13bV358A/V358A and Arl13bV358A/hnn mice have impaired glucose tolerance. 

Glucose tolerance was tested the morning after an overnight fast, 15-18 hours. Baseline blood glucose 

levels were established at time 0:00 (hours : minutes), before mice received a 1.0 g/kg intraperitoneal 

(i.p.) bolus of D-glucose. (A) Blood glucose levels of female control, Arl13bV358A/V358A (V358A/V358A), 

and Arl13bV358A/hnn (V358A/hnn) mice over the 2-hour time course and a trapezoidal area under the 

curve (AUC) analysis of blood glucose data. In Arl13bV358A/V358A and Arl13bV358A/hnn mice, blood glucose 

levels were significantly higher than control mice through the time course, but there was no difference 

between the two mutant groups. (B) Blood glucose levels of male control, Arl13bV358A/V358A 

(V358A/V358A), and Arl13bV358A/hnn (V358A/hnn) mice over the 2-hour time course and a trapezoidal 

AUC analysis of blood glucose data. As in the female cohort, mutant Arl13bV358A/V358A and 

Arl13bV358A/hnn displayed altered sensitivity to glucose. Overall, Arl13bV358A/hnn mice had blood glucose 

levels higher than Arl13bV358A/V358A and control groups. In contrast, Arl13bV358A/V358A displayed only a 

trend towards higher levels compared to controls. Control groups are a combination of Arl13b+/+, 

Arl13bV358A/+, and Arl13bhnn/+ mice, as no obesity phenotype was observed (Figure 5.3), and blood 

glucose levels did not differ at any time point in this study between the three groups. The n per group 

is depicted at the bottom of each respective bar. Blood glucose time course analyzed by two-way 

repeated measures ANOVA and Tukey’s post-hoc test for comparisons between genotypes at each 

time point. For p-values, asterisks in blue corresponding to genotype represent differences between the 

respective mutant group and the control group. Asterisks in red correspond to significant differences 

between mutant groups. Blood glucose response AUC data analyzed by one-way ANOVA with 

Tukey’s post-hoc. Error bars represent standard deviation. For p-values ** < 0.01, *** < 0.001, **** 

< 0.0001, ns is not significant. 
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To test the homeostatic response to a glucose bolus, I monitored blood glucose levels over 

a two-hour time course. I observed that control mice typically reach peak blood glucose levels 20-

30 minutes post-injection, after which levels gradually decline back near baseline by 2 hours post-

injection. In the female cohort, I found Arl13bV358A/V358A and Arl13bV358A/hnn mice had significantly 

higher blood glucose levels compared to controls at nearly every time point measured. However, 

at no point did Arl13bV358A/V358A and Arl13bV358A/hnn differ from each other. Overall, I measured 

increased blood glucose levels in Arl13bV358A/V358A and Arl13bV358A/hnn mice compared to controls, 

and no differences between Arl13bV358A/V358A and Arl13bV358A/hnn mice (Figure 5.6A). In the male 

cohort, only Arl13bV358A/hnn mice had significantly higher blood glucose levels compared to 

controls. Furthermore, and in contrast with the female group, I measured increased blood glucose 

levels in Arl13bV358A/hnn mice compared to Arl13bV358A/V358A mice at the 20 and 60-minute time 

points. Overall, I measured a significant increase in blood glucose levels in Arl13bV358A/hnn mice 

compared to controls and a trend towards significance in a comparison of Arl13bV358A/V358A to 

controls. Moreover, blood glucose levels are overall higher in Arl13bV358A/hnn compared to 

Arl13bV358A/V358A animals (Figure 5.6B). These data represent a significant impairment of 

homeostatic maintenance of blood glucose levels in Arl13bV358A/V358A and Arl13bV358A/hnn mice and 

is consistent with hyperglycemia (Lutz et al. 2012). Moreover, they support the possibility of a 

dosage effect and more severe phenotype in Arl13bV358A/hnn mice. 

5.3.4 Arl13bV358A carrying mice have impaired insulin response 

Due to the increased weight and impaired glucose tolerance, I next wanted to determine 

whether the mice showed impaired insulin response. Mice are fasted for 2-3 hours before baseline 

blood glucose levels are taken and a 0.75 U/kg dose of insulin is administered. Control mice 
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responded as expected, insulin caused blood glucose levels to drop, reaching their lowest levels 

around 60 minutes post-injection At the 60-minute time point blood glucose levels in controls 

dropped an average of ~100 mg/dL, from 189 mg/dl to 82.5 mg/dl (Figure 5.7A). In contrast, 

insulin had a reduced affect in Arl13bV358A/V358A and Arl13bV358A/hnn females. At the 30-minute time 

point blood glucose reached their lowest levels of ~160 mg/dl before rebounding back to baseline 

by 60-minutes post injection. In a comparison between genotypes I found that overall blood 

glucose levels in Arl13bV358A/V358A and Arl13bV358A/hnn groups are higher than control and measured 

no differences between Arl13bV358A/V358A and Arl13bV358A/hnn mice (Figure 5.7B).  Together, these 

data suggest that female Arl13bV358A/V358A and Arl13bV358A/hnn mice have retained some sensitivity 

to insulin, but this response is impaired. In the male cohort, control mice responded normally to 

insulin. I measured reduced blood glucose levels at 15-minutes post-insulin, decreased from 218 

mg/dl to 182 mg/dl (± 33.2) and by 45-minutes levels decreased ~100 mg/dl from baseline, 218 

mg/dl compared to 117 mg/dl (± 25.7). Unexpectedly, I measured increases in blood glucose levels 

post-insulin in Arl13bV358A/V358A and Arl13bV358A/hnn male mice, relative to their baseline levels and 

levels in the control group. Furthermore, I measured higher blood glucose levels in Arl13bV358A/hnn 

mice compared to Arl13bV358A/V358A mice (Figure 5.7D). These data suggest that in males, the 

biological response to insulin has been dramatically reversed and results in a release of glucose 

into the blood. Furthermore, differences between Arl13bV358A/V358A and Arl13bV358A/hnn male mice 

support a possible dosage effect.  
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Figure 5.7 Arl13bV358A/hnn and Arl13bV358A/hnn mice have impaired insulin response. 

Insulin tolerance was tested the morning after a 2-3 hour fast. Baseline blood glucose levels were 

established at time 0 (minutes) before mice received a 0.75 U/kg intraperitoneal (i.p.) bolus of insulin. 

(A) Blood glucose levels of female control, Arl13bV358A/V358A (V358A/V358A), and Arl13bV358A/hnn 

(V358A/hnn) mice over the 60-minute time course and trapezoidal area under the curve (AUC) analysis. 

Overall, Arl13bV358A/V358A and Arl13bV358A/hnn mice had blood glucose levels significantly higher than 

controls. (B) Blood glucose levels of male control, Arl13bV358A/V358A (V358A/V358A), and Arl13bV358A/hnn 

(V358A/hnn) mice over the 60-minute time course and trapezoidal AUC analysis. Overall, 

Arl13bV358A/V358A and Arl13bV358A/hnn mice had blood glucose levels significantly higher than controls, 

with no difference between the two mutant groups. However, analysis by AUC revealed a small 

difference between the two groups. Control groups are a combination of Arl13b+/+, Arl13bV358A/+, and 

Arl13bhnn/+ mice, as no obesity phenotype was observed, and blood glucose levels did not differ between 

the three groups. The n per group is depicted at the bottom of each respective bar. Time course data 

analyzed by two-way repeated measures ANOVA and Tukey’s post-hoc, AUC data analyzed by one-

way ANOVA with Tukey’s post-hoc. Error bars represent standard deviation. For p-values, asterisks 

in blue corresponding to genotype represent differences between the respective mutant group and the 

control group. P-values * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. 
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5.3.5 Analysis of ARL13B expression in mouse embryos 

In my experiments I often observed cystic kidney and obesity severity increased in 

Arl13bV358A/hnn mice compared to Arl13bV358A/V358A animals. To understand the possibility of a dose 

effect by cilia-excluded ARL13BV358A, I examined ARL13B protein expression by western blot.  

I previously reported data from E10.5 whole embryo lysates showing that ARL13B expression is 

decreased in Arl13bV358A/+ and Arl13bV358A/V358A embryos compared to Arl13b+/+ controls (Chapter 

4) (Gigante et al. 2020a). Consistent with these data, I measured ARL13B expression in 

Arl13bV358A/+ embryos that is 93% of Arl13b+/+ controls, compared to ~76% of control in 

Arl13bV358A/V358A mutant embryos. Furthermore, in Arl13bhnn/+ embryo, a heterozygous null, I 

measured decreased ARL13B expression at ~50% of Arl13b+/+ controls. Arl13bhnn/+ mice are 

 

Figure 5.8 ARL13B protein expression in embryonic day E10.5 whole 

embryo lysates. 

(A) ARL13B protein expression levels normalized to wildtype (Arl13b+/+) 

control. Protein expression is reduced in Arl13bV358A/+ and Arl13bV358A/V358A 

embryos by ~7% and 24%, respectively. Expression is halved in Arl13bhnn/+ 

embryos, and again in Arl13bV358A/hnn embryos expressing only ~25% of 

normal levels, compared to no expression in Arl13bhnn/hnn embryos. (B) 

Representative blot for all six genotypes of six embryos collected on the 

same day from three separate litters. The n for all genotypes = 1, this 

experiment should be repeated.   
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viable with no previously reported phenotypes, and I have now shown that they do not develop 

obesity or cystic kidneys. Therefore, these data suggest that 50% of normal ARL13B expression 

is sufficient. Finally, in Arl13bV358A/hnn embryos I measured expression levels at ~24% of Arl13b+/+ 

controls (Figure 5.8). This decrease may be due to a change in ARL13BV358A stability compared to 

ciliary ARL13B. Alternatively, ARL13B may have a distinct half-life when localized outside of 

the ciliary compartment. How a decrease in ARL13BV358A expression, which is already excluded 

from cilia, is driving more severe phenotypes is unclear. It does suggest some underlying 

dysfunction in ARL13BV358A in addition to its mislocalization or a cellular function that is sensitive 

to ARL13B protein levels. 

5.3.6 Using c-Fos expression to investigate hypothalamic regions’ differential response to 

insulin  

Arl13bV358A mutant mice gain significantly more weight than their wildtype and 

heterozygous control counterparts (Figure 5.4). This difference only emerges once the mice are 

freely feeding post-weaning, suggesting an overall increase in food intake due to hyperphagia. 

Food metabolism, and hunger and satiety signals originate in the periphery, but they influence 

feeding behaviors centrally. To determine if Arl13bV358A/V358A mice have differential responses to 

satiety signals, mice are administered a 0.75 U/kg dose of insulin and I examined hypothalamic 

regions of interest for c-Fos induction. The c-Fos marker is an immediate early response gene, and 

in neurons it is used as a marker of neuronal activity in response to peripheral stimulation (Bullitt 

1990). Nuclei positive for c-Fos are counted in the paraventricular nucleus (PAV) and arcuate 

nucleus (ARC) of the hypothalamus. In the PAV, I counted an average of 287 c-Fos positive cells 

in controls compared to 140 in Arl13bV358A/V358A mice. In the ARC, I counted an average of ~38 c-
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Fos positive cells in controls, compared to 46 cells in Arl13bV358A/V358A mice (Figure 5.9). The 

underlying cause for this change is unknown but are consistent with altered insulin-induced 

neuronal activity in Arl13bV358A/V358A mice.  

5.4 Discussion and Future Directions  

In this chapter I examined two phenotypes that arise upon excluding ARL13B from cilia. 

I investigated the formation of slow growing kidney cysts that are not due to a loss of cilia, but the 

loss of ciliary ARL13B. This clearly points to a ciliary role of ARL13B that is required to prevent 

 

Figure 5.9 Insulin-induced c-Fos expression is altered in Arl13bV358A/V358A mice.  

In this preliminary experiment, mice were injected with a 0.75 U/kg dose of insulin 90-

minutes before perfusion. Brains were sectioned and probed for c-Fos, a marker of neuronal 

transcriptional activity. Images of hypothalamic regions were isolated and run through a cell 

counting program in Cell Profiler. Bar graphs are average number of c-Fos positive cells in 

the paraventricular nucleus (PVN) and arcuate nucleus (ARC). Due to low n (= 2 per 

genotype) statistical tests were not run on these data.    
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the formation of kidney cysts. I showed that Arl13bV358A/V358A and Arl13bV358A/hnn mice gain 

significantly more weight than their control littermates. This weight increase only emerges post-

weaning age, suggesting that it is driven by overeating once the mice are free feeding. Furthermore, 

I show that Arl13bV358A/V358A and Arl13bV358A/hnn mice have impaired homeostatic maintenance of 

blood glucose levels in response to a glucose and insulin insult. Together these data suggest that 

ciliary ARL13B is required for the normal maintenance of blood glucose homeostasis. The 

underlying mechanism driving either phenotype remains unknown, but it is likely linked to cilia.  

5.4.1 ARL13B has a cilia-specific function in kidney to prevent cyst formation 

My data support ciliary ARL13B regulation of the yet unknown kidney cyst causing 

CDCA. There is evidence that ARL13B is differentially regulated in kidney cilia relative to other 

ciliated tissues. TULP3 is required for ARL13B cilia localization in kidney cilia, but not in other 

cells (Han et al. 2019). Based on my data here, mislocalization of ARL13B could be partially 

responsible for the formation of kidney cysts in Tulp3 mutants (Badgandi et al. 2017; Han et al. 

2019; Hwang et al. 2019; Legué et al. 2019). Not only is ARL13B regulated differently in kidney 

cilia, but it also appears to function differently. In mouse embryos and mouse embryonic 

fibroblasts (MEFs), loss of Arl13b causes short cilia and a microtubule defect in the ciliary 

axoneme (Caspary et al. 2007; Larkins et al. 2011). In contrast, conditional deletion of Arl13b in 

kidney ablates cilia entirely (Seixas et al. 2016). I previously showed that, like Arl13b null cells, 

Arl13bV358A/V358A MEFs also have short cilia, suggesting that ARL13B is required in cilia for 

normal cilia structure (Chapter 4) (Gigante et al. 2020a). Herein I show that despite this similar 

phenotype, cilia form normally in the kidneys of Arl13bV358A/V358A mutants, but kidney cyst 
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formation persists. This is consistent with a cilia-specific function of ARL13B regulating the 

CDCA. 

The more severe cystic kidney phenotype observed in Arl13bV358A/hnn mice compared to 

Arl13bV358A/V358A mutants is intriguing. Why this is occurring cannot be explained without more 

data. As discussed above, If ARL13B is required in cilia to regulate the CDCA, then why does 

expression of one copy of Arl13bV358A influence cyst formation? Perhaps there is a ciliary and non-

ciliary function of ARL13B in the regulation of the CDCA. The existence of this non-ciliary 

function would not be detectable in mutants where Arl13b is conditionally deleted because it 

ablates cilia and removes ARL13B cell wide. Moreover, my data suggest that ARL13B function 

in regulating the CDCA may be influenced by ARL13B protein levels. I observed decreased 

ARL13B expression in Arl13bV358A/hnn mouse embryos, approximately 25% of wildtype and ~50 

of levels measured in Arl13bV358A/V358A embryos. However, the mouse embryo is far from 

representative of the adult kidney, and so this experiment could be repeated in the kidney to 

determine if ARL13B expression is indeed different in Arl13bV358A/hnn compared to 

Arl13bV358A/V358A mutants. Regardless, the increased severity of kidney cysts in Arl13bV358A/hnn 

animals with only one copy of Arl13bV358A is more evidence that ARL13B is in fact regulating the 

CDCA. 

5.4.2 Could cilia dysfunction in the periphery be contributing to obesity and diabetes in 

Arl13bV358A mutant mice? 

The obesity and diabetes phenotypes observed are consistent with previous mouse models 

of obesity. I observed impaired homeostatic balance of blood glucose levels in Arl13bV358A/V358 and 

Arl13bV358A/hnn mice in the face of glucose or insulin insult. In fact, Arl13bV358A/hnn mice had higher 
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resting blood glucose levels compared to controls. Both insulin resistance and hyperglycemia are 

a hallmark of obesity and diabetes caused by hyperphagia in mice (Lutz et al. 2012). Impairment 

of satiety signaling in Arl13bV358A/V358A and Arl13bV358A/hnn mutants is unlikely to be specific to 

dysfunction in the periphery. My data contrast with a BBS12-/- mouse model of obesity that 

displayed classic obesity but had improved glucose and insulin responsiveness compared to their 

controls. In this model, the obesity phenotype is a result of gene misregulation in adipocytes. This 

caused overactivation of adipogenic pathways and increased formation of fat tissue and is not due 

to hyperphagia (Marion et al. 2012). Taken together, my data are consistent with impairment of 

satiety signaling in Arl13bV358A/V358A and Arl13bV358A/hnn mice that occurs centrally.  

Feeding behavior is controlled centrally, but the metabolism of energy from food occurs in 

the periphery. Therefore, disruptions in ciliated peripheral tissues may be contributing to obesity 

phenotypes. The pancreas plays a critical role in metabolism and energy maintenance, and the  

and  pancreatic islet cells are ciliated. Loss of cilia on -cells causes disruptions in glucose 

homeostasis, giving rise to obesity and diabetes phenotypes (Volta et al. 2019; Yamamoto et al. 

1986).  In fact, mouse models of PKD have also displayed pancreas cysts, suggesting that the role 

cilia play in duct formation and/or maintenance is shared among ductal organs (Cano et al. 2004). 

So, the obesity and diabetes phenotypes I observed could be driven by structural abnormalities in 

the pancreas created during development or ones that develop over time, like the slow growing 

kidney cysts. Future experiments could examine Arl13bV358A/V358A and Arl13bV358A/hnn mice for 

defects in pancreas formation or disruption of islet cell cilia.  

5.4.3 Examining central control of satiety and feeding in Arl13bV358A mutant mice 
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In this study I used c-Fos, an immediate early gene and marker of neuronal activity, to 

examine the neurons of hypothalamic nuclei. Neurons of the hypothalamus are known to regulate 

feeding and satiety behaviors, therefore their function may be disrupted by ARL13BV358A, resulting 

in obesity. A decrease in hypothalamic neuron ciliation in general is sufficient to cause the 

emergence of obesity phenotypes (Heydet et al. 2013). The ARC, PVN, and VMH are all 

implicated in hypothalamic control of satiety, cilia play be important in all three regions (Chambers 

et al. 2013). So, it is unclear if these phenotypes are due to dysfunction in one or many neuronal 

subtypes in this region. The cilia of the paraventricular nucleus neurons typically contain 

melanocortin-4 receptors (MCHR4), a GPCR associated with hunger and satiety responses. Loss 

of ciliary MCHR4 in these neurons drives increased body weight (Siljee et al. 2018). Therefore, 

the proper localization of these receptors is essential to prevent disruptions of the development of 

obesity, and so receptor localization to cilia may be disrupted or lost in Arl13bV358A mutants. This 

is supported by published work from the Caspary lab. A complete loss of Arl13b disrupts Shh 

pathway component organization, and ARL13BV358A causes a failure of cilia proteins Arl3 and 

INPP5E to localize to cilia (Gigante et al. 2020a; Larkins et al. 2011). Future experiments will 

have to focus on isolating which neuronal subtypes are essential for regulating feeding behaviors 

and satiety. Furthermore, we need to characterize how cilia receptor organization changes in these 

cilia when ARL13B is excluded from cilia.  

It is possible that hypothalamic regions associated with energy homeostasis are not 

exclusively responsible for the obesity observed. These are not the only ciliated neurons in the 

brain, most adult neurons likely have cilia (Bishop et al. 2007). Furthermore, there are regions of 

interest outside the hypothalamus that could be involved in regulation of feeding behaviors. The 

role of cilia in reward pathways is largely unknown, so obesity in ciliopathy patients could also be 
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due to hyperactive reward signaling in areas like the ventral tegmental area (VTA) and the nucleus 

accumbens. In rats, optogenetic activation of lateral hypothalamic terminals in the VTA are 

sufficient to drive feeding behavior for as long as the laser is administered (Gigante et al. 2016). 

This response may be driven primarily by glutamatergic neurons (Stamatakis et al. 2016).  Future 

studies could focus on identifying the role of cilia in established neuronal networks such as the 

reward pathway.  
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CHAPTER 6 

THE RELATIONSHIP OF ARL13B AND SMOOTHENED 
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6.1 Summary 

 This chapter of my thesis is devoted to my overall goal of dissecting and understanding the 

relationship between ARL13B and SMOOTHENED (SMO). In the course of our analysis of the 

Smo hypomorphic allele cabbie, we generated double mutants with the Arl13b null allele hennin. 

We found the double mutant embryos displayed a more severe phenotype than either single mutant, 

suggesting a genetic interaction so I hypothesized that ARL13B is required for SMO activation. 

6.2 Introduction 

During embryonic development, the neural tube, which will ultimately give rise to the brain 

and spinal cord, is comprised of neural progenitors that are specified by Sonic Hedgehog (Shh) 

signaling. The Shh ligand is produced in the notochord and forms a ventral-to-dorsal activity 

gradient in the neural tube. Progenitors are sensitive to both the concentration and duration of Shh 

ligand, which together influences their specified cell fate (Echelard et al. 1993; Dessaud et al. 

2007; Dessaud et al. 2010). Each progenitor population forms in stereotypic domains within the 

neural tube. At the most ventral portion of the neural tube floor plate specification requires the 

highest levels of Shh activity and floor plate cells produce Shh (Ribes et al. 2010). High levels of 

Shh activity also specify fates such as FoxA2. Adjacent to the floor plate are Nkx2.2 and Olig2, 

representing moderate and low-level Shh-dependent fates, respectively. Dorsal to the Nkx2.2 

domain, Olig2 represents the dorsal spread and edge of Shh influence over neural progenitors. 

Finally, Hb9, marks differentiated motor neurons which are born from Olig2 expressing cells and 

require a second exposure to Shh to differentiate (Arber et al. 1999; Ericson et al. 1996; Roelink 

et al. 1995a). Without Shh or Smo, no floor plate is specified and the neural tube lacks all markers 

of ventral cell fates (Chiang et al. 1996; Litingtung et al. 2000; Kasarskis et al. 1998; Zhang et al. 
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2001). Together, the specific cell fate markers and expression domains provide an in vivo readout 

of Shh signaling (Briscoe et al. 2000). 

Shh-dependent neural progenitor specification is mediated by GLI family transcription 

factors; GLI1, GLI2, and GLI3 (Hui et al. 1994; Matise et al. 1998; Litingtung et al. 2000; Park et 

al. 2000). The GLIs take two forms, a proteolytically processed repressor form (GLIR) and a 

modified activator form (GLIA). Within each cell, the Shh activity level corresponds to an 

intracellular ratio of GLIA-to-GLIR, such that cells closest to the Shh signal have the highest levels 

of GLIA, and those furthest from the source have the highest levels of GLIR (Stamataki et al. 

2005; Lei et al. 2004). This creates opposing gradients of GLIA and GLIR along the dorsal ventral 

axis. In the neural tube, GLI2 and GLI3 comprise this gradient, GLI2 preferentially takes activator 

form and GLI3 the prevalent repressor (Matise et al. 1998; Litingtung et al. 2000). The mechanisms 

that process GLI2/3 into GLIA/R forms requires they translocate through the cilium (Wen et al. 

2010; Tukachinsky et al. 2010; Kim et al. 2009). Once exiting cilia, GLIA and GLIR then 

translocate to the nucleus to influence Hh-dependent gene targets. The mechanisms that process 

GLI proteins are not the only aspects of vertebrate Hh signaling that involve cilia. 

In vertebrates, the Hh pathway’s core components traffic dynamically in and out of cilia 

(Corbit et al. 2005; Haycraft et al. 2005; Rohatgi et al. 2007). The Hh receptor PTCH1 is enriched 

along the ciliary membrane in the absence of Hh (Rohatgi et al. 2007). When Hh ligand is present, 

ciliary PTCH1 becomes undetectable and SMO is visibly enriched in cilia (Corbit et al. 2005). The 

subsequent activation of SMO is dependent on its enrichment in cilia (Rohatgi et al. 2009). 

Additional Hh components dynamically traffic in and out of cilia to regulate GLI transport and 

processing, mediating pathway activation  (Liem et al. 2009; Barzi et al. 2010; Tuson et al. 2011; 
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Kim et al. 2009; Wen et al. 2010; Humke et al. 2010). With so many pathway components 

dynamically linked to cilia, disruptions to cilia proteins can cause serious defects in Hh signaling 

(Bangs et al. 2017).  

ARL13B is a member of the ARF-like family of regulatory GTPases best known for roles 

in membrane trafficking. ARL13B serves a critical function and in the regulation of Shh pathway 

and the ciliary organization of the pathway’s components. GTPases often act at multiple steps in 

a given signaling pathway and ARL13B is thought to function in at least two critical steps in the 

Hh pathway. Evidence for ARL13B function downstream of SMO comes from examination of the 

Arl13b null embryo. Without Arl13b, the Shh pathway is constitutively activated in a low-level 

state, manifesting in neural-patterning defects (Caspary et al. 2007). As the obligate transducer of 

the Shh pathway, loss of SMO causes a complete loss of Shh-dependent cell fate specification in 

the neural tube (Caspary et al. 2002; Zhang et al. 2001). If ARL13B simply functions downstream 

of SMO, then an Arl13b Smo mutant would resemble the Arl13b single mutant. However, double 

mutants had some Shh-dependent cell fates established, consistent with loss of Arl13b either 

derepressing or activating GLI transcription factors independent of SMO (Caspary et al. 2007). 

Analysis of Gli3 Arl13bhnn double mutants revealed that the phenotype is not dependent on GLI3, 

which acts as the predominant repressor in the neural tube (Litingtung et al. 2000; Caspary et al. 

2007). Instead, the phenotype is consistent with low-level GLIA, a processed form of GLI2, which 

primarily functions as an activator (Matise et al. 1998; Litingtung et al. 2000). It is also possible 

that ARL13B serves a function upstream of SMO that may be masked by loss of ARL13B function 

downstream of SMO. This is supported by analysis of SMO localization in Arl13bhnn cells, 

revealing abnormal ligand-independent SMO enrichment (Larkins et al. 2011). These data support 

an additional role of ARL13B in the regulation of the Shh pathway upstream of SMO. 
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ARL13 is ancient, predicted to be present in the last common eukaryotic ancestor. It 

appears to have been lost during evolution in organisms that lack cilia and duplicated (to 

ARL13A and ARL13B) in the urochordates (common ancestor to all vertebrates) (Li et al. 2004; 

Logsdon et al. 2004; Kahn et al. 2008; East et al. 2012; Schlacht et al. 2013). This duplication 

coincides with the evolutionary change that linked Hh signaling and cilia, prompting the 

speculation that ARL13B may hold important clues in deciphering the links between cilia and 

vertebrate Hh signaling. Given the control ARL13B exerts over the Shh pathway and its unique 

evolutionary lineage, I hypothesize that ARL13B is required for, and regulates, the processes 

surrounding the activation of SMO. However, isolating and understanding this upstream function 

is complicated because it is masked by the downstream influence when Arl13b is lost. 

Why vertebrate Hh signaling hinges on the cilium is unknown but may be linked to the 

processes that fully activate SMO. SMO is constantly shuttled throughout the cilium in an inactive 

state and enriched when activated by endogenous or exogenous means (Ocbina et al. 2008; Corbit 

et al. 2005). However, the ciliary enrichment of SMO is necessary, but not sufficient, to activate 

the Shh pathway. The small molecule antagonist cyclopamine prevents SMO activation but 

permits SMO enrichment in cilia (Chen et al. 2002b; Chen et al. 2002a). This points to SMO 

activation being a multi-step process that, in part, requires enrichment in cilia (Rohatgi et al. 2009). 

Moreover, it suggests that SMO activation and enrichment in cilia require distinct changes in SMO 

receptor conformation. I previously showed that the N223K mutation in the Smocbb allele disrupts 

the cystine rich domain (CRD) of SMO, diminishes its enrichment in cilia, and results in a loss of 

high-level Shh signaling in mice, supporting a model where full receptor activation requires a 

robust presence in cilia (Gigante et al. 2018). The exact substrate in cilia required for SMO 

activation remains poorly understood, and the other ciliary mechanisms that regulate the multi-
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step process of SMO activation are still being identified. I also sought to define the biologically 

relevant role of ARL13B in the regulation of Shh signaling in the developing mouse embryo and 

embryo derived cells.  

6.3       Results 

6.3.1 Arl13bhnn Smocbb embryos are more 

severely affected than either single 

mutant 

During development, embryos undergo rapid 

cellular and morphological transformations, 

governed by the tight regulation of 

developmental signaling pathways. At this 

stage, disruptions to cilia genes can have 

serious effects on embryo health and 

morphology. To better understand the 

relationship of ARL13B and SMO in 

regulating Shh signaling we generated 

Arl13bhnn Smocbb double mutants and 

examined whole embryo morphology between 

embryonic day (E)9.5 and E11.5 (Figure 6.1 

A-D). Through this period of development, 

Arl13bhnn mutants are clearly identified by 

their open neural tube in the head and caudal 

 

Figure 6.1 Loss of Arl13b combined with 

hypomorph Smocbb causes neural tube closure 

defects.  

Images of whole (A) control, (B) Arl13bhnn, (C) 

Smocbb, and (D) Arl13bhnn Smocbb embryos at E9.5, 

E10.0, E10.5, and E11.5. (A) Arl13bhnn and 

Smocbb are recessive alleles so heterozygotes and 

wildtype embryos were used as controls. Control 

embryos rapidly develop and grow between E9.5 

and E11.5. (B) Arl13bhnn mutants display an early 

neural tube closure defects in the head that persist 

throughout development. (C) Smocbb mutants have 

a mild phenotype and are phenotypically similar 

to control embryos. (D) Arl13bhnn Smocbb mutants 

resemble Arl13bhnn single mutants at E9.5 but fail 

to grow beyond this stage. The double mutant 

reaches lethality between E10.0 and E10.5 and 

resembles a Smo null mutant. By E11.5, double 

mutants are dead and have started to resorb. Scale 

bars are 1mm and the magnification for each stage 

is depicted in bottom right corner of images in 

row D. 
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spinal cord. These mutants grow at normal rates but reach their point of lethality by E13.5 (Figure 

6.1B). In contrast, hypomorphic Smocbb mutants display no obvious morphological defects at E9.5. 

Only at E10.5 is there an identifiable cranial facial defect of the nasal pits (Figure 6.1C). These 

mutants survive until birth, but die shortly afterward with skeletal abnormalities of the head, face, 

limbs, and spine (Gigante et al. 2018). If ARL13B simply functions downstream of SMO, then we 

would expect the Arl13bhnn Smocbb mutant to phenocopy Arl13bhnn embryos. Instead, the Arl13bhnn 

Smocbb double mutant is more severely affected than either Arl13bhnn or Smocbb single mutant. At 

E9.5, Arl13bhnn Smocbb mutants display exencephaly, and are morphologically similar to Arl13bhnn 

single mutants (Figure 6.1D). However, by E10.0 Arl13bhnn Smocbb mutants are noticeably smaller 

than control or Arl13bhnn single mutants, with swelling of the pericardial sac, a defining phenotype 

in Smo null embryos suggestive of defects in cardiac morphogenesis (Zhang et al. 2001). By E10.5, 

Arl13bhnn Smocbb embryos typically exhibit a loss of a beating heart. By E11.5., both Arl13bhnn and 

Smocbb single mutants are present but Arl13bhnn Smocbb double mutants are resorbing consistent 

with lethality around E10.0-10.5. At the point of lethality, these double mutants resemble the Smo 

null phenotype, they have pericardial edema, small and immature somites, hemorrhages in the tail, 

and a failure to completely turn (Kasarskis et al. 1998). This surprising phenotype suggests 

ARL13B does not simply function downstream of SMO. ARL13B can have multiple effectors and 

regulate more than one pathway. Therefore, embryo morphology is a holistic assay for the function 

of multiple developmental signaling pathways. Taken together, the Arl13bhnn Smocbb double 

mutants suggest ARL13B either has some function upstream of SMO or in a parallel pathway. 
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Figure 6.2 Arl13bhnn Smocbb mutants lose moderate levels of Shh signaling necessary 

to maintain Nkx2.2 markers or establish Hb9 expressing differentiated motor 

neurons.  

(A) E9.5 neural tube stained for Shh. In controls Shh is detectable in the notochord at 

the floor plate. In single and double mutants, only the notochord is positive for Shh and 

the floor plate is absent. (B) At E9.5, the floor plate is flanked by Nkx2.2 and Olig2 

positive cells that form distinct domains. At this stage, the Arl13bhnn Smocbb mutant 

phenocopies Arl13bhnn single mutants. (C) At E10.0, Shh signaling begins to increase 

and the floor plate and notochord retain their Shh expression. The phenotype dose not 

recover in single or double mutants where only the notochord is Shh positive. Neural 

tube and notochord outlined in red. (D) Nkx2.2 and Olig2 cell fates retain their distinct 

domains and dominate the ventral portion of the neural tube. In Arl13bhnn mutants, both 

markers expand ventrally and dorsally, as two largely separate domains. Smocbb mutants 

resemble controls, except for a ventral shift of Nkx2.2 positive cells towards the ventral 

midline. Double mutants lose Nkx2.2 positive cells, likely due to loss of high level Shh 

signaling. (E) Differentiated motor neurons positive for Hb9 emerge along the lateral 

edge of the neural tube and require a second dose of Shh. In Arl13bhnn mutants, due to 

the expansion of the Olig2 domain, Hb9 cells emerge along the length of the neural tube. 

In Smocbb mutants, Hb9 cells appear as normal. In double mutants no Hb9 positive cells 

emerge due to a lack of Shh signaling levels required to specify these cells. Scale bar is 

50 m. Image magnifications depicted at the bottom of each row.  
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6.3.2 Cell fates requiring high levels of Shh are diminished in Arl13bhnn Smocbb mutants. 

To focus on the relationship of ARL13B and SMO in regulating Shh signaling, I examined 

embryonic neural tube patterning in the caudal neural tube at E9.5 and E10.5. At E9.5, the embryo 

neural tube is closed, and Shh ligand is detectable in the notochord as well as the columnar cells 

of the ventral floor plate (Figure 6.2A). In Arl13bhnn mutants, the notochord is producing Shh 

ligand, but lack a floor plate at the ventral midline and Shh is not detectable in these cells.  

Similarly, in Smocbb mutants, Shh is detectable in the notochord and not at the ventral midline. The 

Arl13bhnn Smocbb mutant phenotype mirrors both single mutants at this stage with a Shh positive 

notochord but no floor plate or Shh positive columnar cells. In controls, Nkx2.2 and Olig2 domains 

are clearly defined, with Nkx2.2 positive cells flanking the floor plate (Figure 6.2B). In Arl13bhnn 

mutants, the establishment of ventral cell fates is disrupted due to a persistent low-level activation 

of the pathway across the region. The ventral midline is populated by Nkx2.2 positive cells and 

the Olig2 domain has expanded both ventrally and dorsally. In Smocbb mutants, the separation 

between Nkx2.2 and Olig2 domains remains intact. Though, and much like Arl13bhnn mutants, the 

ventral midline is populated by Nkx2.2 positive cells. The Arl13bhnn Smocbb neural patterning is 

similar to the one observed in Arl13bhnn single mutants at this stage. This is consistent with the 

whole embryo Arl13bhnn Smocbb phenotype mirroring Arl13bhnn mutants at E9.5. These data 

support a model where ARL13B functions downstream of SMO.   

Neural tube patterning is a dynamic process, sensitive to both the concentration and 

duration of the Shh signal. If ARL13B functions downstream of SMO, then we would expect to 

see a phenotype consistent with the Arl13bhnn mutant at this stage. To determine how Shh-

dependent patterning changes as the duration of the Shh signal lengthens we examined Shh-

dependent cell fate markers at E10.0 (Figure 6.2 C-E). At this stage, Shh ligand is still detectable 



158 

 

in the notochord and floor plate (Figure 6.2C). As observed at E9.5, Arl13bhnn, Smocbb, and 

Arl13bhnn Smocbb doubles all lack a Shh positive floor plate but retain a Shh positive notochord. 

Cells expressing Nkx2.2 and Olig2 are still present (Figure 6.2D) and Hb9 positive cells that 

represent differentiated motor neurons are beginning to emerge along the lateral edge of the neural 

tube (Figure 6.2E). These cells are formerly Olig2 positive cells that require a second, high dose 

of Shh signal to express Hb9 (Ericson et al. 1996; Arber et al. 1999; Roelink et al. 1995b). In 

Arl13bhnn mutants, Nkx2.2 and Olig2 boundaries are restored. Still, Nkx2.2 positive cells populate 

the ventral midline and Olig2 cells expand dorsally beyond their normal range. Moreover, Hb9 

positive cells are detectable along the lateral edges of the neural tube, but like Olig2 they are 

expanded dorsally, beyond the normal boundaries and out of range of the Shh signal. Similarly, 

Smocbb mutants have a ventral midline populated by Nkx2.2 positive cells flanked by Olig2 cells. 

Though unlike Arl13bhnn mutants, this domain that does not expand dorsally beyond its normal 

range and Hb9 positive cells emerge normally. At this stage in Arl13bhnn Smocbb doubles, Nkx2.2 

and Hb9 positive cells are absent. This suggests that the high level and duration of the Shh signal 

required to maintain Nkx2.2 and establish Hb9 differentiated motor neurons is lost. Instead, the 

neural tube is populated with Olig2-positive cells that have maintained both ventral and dorsal 

expansion and no longer match Arl13bhnn single mutants. Combined with the loss of Nkx2.2 fates 

that are present in Smocbb single mutants, these data support a role for ARL13B in regulating SMO.  
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Figure 6.3 Smo is not enriched in the cilia of Arl13bhnn Smocbb mutant embryos and cells. 

(A) Images of floor plate and ventral midline of E10.5 mouse neural tube. Stained for Arl13b and 

IFT88 (Top Row), and Arl13b and Smo (Bottom Row. All embryos have cilia, but mutants with 

Arl13bhnn have cilia that are Arl13b negative. Moreover, Smo is abnormally enriched in the cilia 

of Arl13bhnn mutants and largely undetectable in Smocbb mutants. There are no Smo positive cilia 

observed in Arl13bhnn Smocbb mutants.  (B) MEFs isolated from Arl13bf/f Smocbb/cbb mutant 

embryos before and after treatment with Cre containing adenovirus. Cre recombination deletes 

Arl13b (cyan), resulting in cilia that are negative for Arl13b, but positive for acetylated a-tubulin 

(magenta). (C) MEFs treated with Shh conditioned media for 24 hours and Smo 

immunofluorescence levels measured relative to each cell’s background. Smo is highly enriched 

in wildtype and moderately in Smocbb cells. Smo does not enrich in the cilia of Arl13bD/D 

Smocbb/cbb cells. (D) Representative image pairs of cells and cilia from panel (C). Cilia are stained 

for acetylated a-tubulin (magenta) and Smo (cyan). 
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6.3.3 SMO is absent from cilia in Arl13bhnn Smocbb mutants and cells 

 Cells exposed to Shh have SMO enriched cilia, a hallmark of SMO and Shh pathway 

activation. In the neural tube, the ventricular lumen is lined with ciliated cells that can be labeled 

with IFT88 and ARL13B. However, in Arl13bhnn mutants, cilia can only be identified by IFT88 

and not ARL13B antibody (Figure 6.3A). The cilia of cells in and around the ventral floor plate, 

closest to the source of the Shh signal, are highly positive for SMO. Moving further from the 

source of the Shh, SMO positive cilia gradually decrease and are absent by the midpoint. Loss of 

Arl13b leads to an aberrant enrichment of SMO in cilia that is independent of the Shh ligand. 

Therefore, SMO positive cilia are detectable beyond the normal ventral-dorsal range in Arl13bhnn 

mutants. In the Smocbb mutant, SMO is poorly enriched in cilia of the floor plate and surrounding 

areas, making it extremely difficult to detect. Similarly, the cilia of Arl13bhnn Smocbb double 

mutants are present and identifiable by IFT88 like in Arl13bhnn mutants, and like Smocbb mutants 

SMO is undetectable in any cilia, even in cells of the floor plate, immediately adjacent to the 

notochord, the source of the Shh signal.  

Neural tube cilia can be difficult to visualize, and so in an effort to quantify the SMO 

localization phenotype I generated Arl13bflox/flox Smocbb mutant mouse embryonic fibroblasts 

(MEFs). I treated a clonal population of MEFs with Cre expressing adenovirus to induce deletion 

of Arl13b, generating an Arl13b/ Smocbb cell line, mimicking the Arl13bhnn Smocbb cells. While 

Arl13bflox/flox Smocbb MEFs have ARL13B positive and acetylated -tubulin positive cilia, Cre 

virus-treated MEFs have acetylated  -tubulin positive cilia with no detectable ARL13B (Figure 

6.3B). MEFs are treated with Shh conditioned media (Shh CM) or low-serum control media for 

24 hours before being probed for SMO positive cilia (Figure 6.3C). I measure significantly higher 
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levels of SMO in cilia of control MEFs treated with Shh media. As expected, Smocbb mutant MEFs 

have reduced levels of SMO positive cilia compared to wildtype but increased above their own 

untreated control. In agreement with my data in vivo, Arl13b/ Smocbb cells have few SMO positive 

cilia. In these MEFs I measure no overall increase in relative SMO fluorescence between control 

and Shh treated conditions. In control MEFs, SMO is visibly enriched above baseline levels 

following treatment with Shh CM, but less so in Smocbb cells (Figure 6.3D). In Arl13b/ Smocbb 

MEFs, some faint SMO positive cilia are detected, but no cilia are enriched with SMO in either 

control or Shh CM conditions. Together, these data show that Shh-induced SMON223K enrichment 

in cilia, which is already significantly impaired in Smocbb mutants, is nearly lost when Arl13b is 

absent from the cell. For the in vitro portion of this experiment, I used Shh CM that had been 

previously thawed and stored at 4C for nearly two-years. More recent experiments using this 

medium revealed poor Shh-dependent transcriptional response by qPCR. Therefore, the marginal 

change in SMO detected in control cells is likely because of a decay in medium efficacy. This 

experiment will need to be repeated prior to publication using a more recent batch of Shh medium.  

6.3.4 SMON223K receptor activation by SMO agonist (SAG) is impaired 

The Smocbb phenotype and poor SMON223K receptor enrichment in cilia are consistent with 

it being a hypomorphic allele. However, these data cannot be used to accurately interpret SMO 

receptor activation. SMO enrichment is linked to activation and Shh signal transduction is far 

downstream of SMO. SMO activation is measured by a cAMP-sensitive GloSensor, a firefly 

luciferase variant, to test SMON223K receptor activation of G-proteins. HEK-293FT cells are 

transfected with this GloSensor to measure changes in cAMP when modulated by a SMOWT-Gao 

or SMON223K-Gao fusion protein that is activated by SMO agonist (SAG). Treating cells with 
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forskolin induces the production of cAMP, activating the GloSensor luciferase. High levels of 

luciferase output represent inactive SMO and low levels of luciferase output represent activated 

SMO (Figure 6.4A). Untreated SMOWT-Gao expressing cells have high levels of luciferase output, 

compared to SAG treated SMOWT-Gao cells. This decrease in output represents activation of SMO. 

Untreated SMON223K-Gao expressing cells have activity levels equal to untreated SMOWT-Gao 

controls. Like, SMOWT-Gao cells, SAG treated SMON223K-Gao expressing cells have decreased 
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Figure 6.4 SMON223K activation by SAG is impaired. 

Activation of SMO in HEK293-FT cells transfected with cAMP-sensitive GloSensor and SMOWT-

Gao or SMON223K-Gao, treated with control or SAG. SMO activity is represented on the y axis; 

activation of the fused Gao inhibits forskolin activation of AC, high luciferase activity represents 

inactive SMO and lowered luciferase activity represents higher SMO activity. (A) Untreated cells 

(grey) represent baseline levels of AC activity when SMO activity is inhibited by PTCH1. Cells 

expressing SMOWT-Gao and treated with SAG (black circles) have activated SMO-induced decreases 

in cAMP and GloSensor luciferase activity. Cells expressing SMON223K-Gao treated with SAG 

(black squares) are activated but luciferase readout is less than SMOWT cells. Luciferase activity 

measured in luciferase arbitrary units (AU). Plotted data represent average activity of 5 baseline 

readings and 14 experimental readings plotted over time (± standard deviation). (B) Average 

maximal luciferase output of the final three readings. SMOWT-Gao expressing cells treated with SAG 

activate SMO, inhibiting luciferase activity. SMON223K-Gao expressing cells treated with SAG are 

activated, but only ~50% of response measured in SMOWT cells treated with SAG. Untreated cells 

expressing SMOWT or SMON223K (grey) have equal activity levels. Data are average of three final 

readings, representing maximal response (± standard deviation), analyzed by two-way ANOVA and 

Tukey’s post-hoc test for multiple comparisons. Ns is not significant, *** p <0.001, **** p < 0.0001. 
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SMO activation relative to its untreated control. However, luciferase output does not decrease to 

levels observed in SMOWT-Gao controls, consistent with an impairment of the SMON223K receptor 

activation by SAG (Figure 6.4B). A loss of SMO activation is consistent with SMON223K poor 

enrichment in cilia and the in vivo phenotypes of the Smocbb hypomorph. 

6.4 Discussion 

In this chapter, I presented in vivo data that Arl13bhnn Smocbb double mutants are more 

severely affected than either single mutant alone. These mutants have a dramatic delay in 

embryonic development, resulting in lethality around E10.0. Examination of the neural tube 

revealed limited specification of Shh-dependent cell fates. I found that whereas SMO is 

abnormally enriched in the cilia of Arl13bhnn mutants, it is absent from cilia in Arl13bhnn Smocbb 

mutants. Using an assay for SMO receptor activation, I showed decreased activity of the SMON223K 

receptor by SAG. Together, these data support a model where ARL13B functions at a step 

upstream of SMO, possibly through the regulation of the ciliary processes that activate SMO.  

The reason Arl13bhnn Smocbb mutants display a more severe phenotype compared to 

Arl13bhnn or Smocbb single mutants is unclear. One possibility is that this is a synergistic phenotype, 

where the loss of Arl13b coupled with SMON223K prevents SMO activation. In Arl13b null cells, 

SMO is trapped in cilia, but GLI proteins are not properly enriched and pathway activation by Shh 

ligand is weak, suggesting that SMO in cilia is unlikely to be fully activated (Larkins et al. 2011). 

Perhaps this trapped SMO is unable to adopt an active conformation due to the loss of Arl13b. 

Modelling data show SMON223K lysine-to-asparagine change occludes the ligand binding pocket 

at the transmembrane domain, predicting that the receptor cannot easily change to an active 

confirmation. Together, the Arl13bhnn Smocbb phenotype can be explained by impaired SMO 
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activation through loss of Arl13b, combined with a hypomorphic and poorly activated SMON223K. 

The result is a phenotype consistent with low SMO activation and Shh signaling. Therefore, this 

genetic interaction reflects a mechanistic interaction and a model where ARL13B functions 

upstream of SMO, controlling the ciliary processes necessary for SMO activation. Future 

experiments will focus on measuring SMO receptor activation to test this model. 

The presence of some Shh-dependent cell fate specification in the neural tube of Arl13bhnn 

Smocbb mutants suggests Shh pathway activation by SMON223K. However, the specification of cell 

fates can also be explained by the loss of Arl13b. In Arl13bhnn single mutants, Nkx2.2 and Olig2 

positive cells are induced in a Shh-ligand independent manner (Caspary et al. 2007). Furthermore, 

Arl13bhnn Smo null mutants also establish some Shh-dependent cell fates despite the loss of SMO 

and all Shh signaling. In both cases, these cell markers are likely induced by constitutive and low-

level GLIA, a consequence of Arl13b loss. Therefore, I interpret the presence of Nkx2.2 and Olig2 

positive cells in Arl13bhnn Smocbb mutants to be caused by the loss of Arl13b, resulting in low-level 

GLIA and the establishment of some Nkx2.2 and Olig2 positive cells. Alternatively, it is possible 

the Arl13bhnn Smocbb phenotype is simply additive. The establishment of some Shh-dependent cell 

fates caused by the combination of decreased GLIA levels that are further reduced by a 

hypomorphic SMON223K, resulting in a near complete loss of GLIA (Caspary et al. 2007). The 

expectation would be embryo phenotypes consistent with a near complete loss of Hh signaling and 

the specification of few Shh-dependent cell fates in the neural tube, similar to what is observed in 

Arl13bhnn Smocbb mutants. However, SMON223K is not enriched in Arl13bhnn Smocbb ventral midline 

cilia or cells treated with Shh media. SMO enrichment in cilia is necessary for Shh pathway 

activation and a loss of SMON223K presence in cilia would be consistent with no Shh pathway 
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activation. Therefore, an additive model cannot explain the loss of SMON223K presence in cilia 

when Arl13b is lost, suggesting a greater role for ARL13B upstream of SMO.  

ARL13B is known to regulate more than just the core components of the Shh pathway. So, 

an alternative model could posit a loss of Arl13b function in a pathway that serves to negatively 

regulate Shh. In cilia, INPP5E removes the 5-phosphate from PIP2 and PIP3 and loss of Inpp5e 

increases PIP2 in cilia (Chavez et al. 2015; Garcia-Gonzalo et al. 2015; Kisseleva et al. 2000). 

Furthermore, a loss of INPP5E function increases the ciliary presence of GPR161, a negative 

regulator of the Shh pathway that converges on the pathway downstream of SMO (Constable et 

al. 2020; Mukhopadhyay et al. 2013). Loss of Arl13b prevents the ciliary localization of INPP5E 

to cilia (Bielas et al. 2009; Humbert et al. 2012). Therefore, GPR161 may be abnormally enriched 

in the cilia of Arl13bhnn mutants. In this model, poorly activated SMON223K coupled with increased 

activity and ciliary presence of GPR161 would further suppress SMON223K activation of the Shh 

pathway. Future experiments could examine the neural tube cilia of Arl13bhnn and Arl13bhnn Smocbb 

mutants for increased GPR161 presence.   

Moving forward, I will attempt to address two outstanding issues. 1) These data suggest 

that ARL13B performs a necessary function in the activation of SMO, and loss of Arl13b would 

diminish SMO activation. 2) The loss of SMON223K localization in the Arl13bhnn Smocbb mutant 

conflicts with the enrichment of SMO in Arl13bhnn single mutants. This suggests a complicated 

role of ARL13B in controlling the ciliary presence of SMO. To test my hypothesis, I will use the 

cell-based luciferase assay for SMO activation, shown in Figure 6.4. Using this assay my goal is 

to test the functional output of wildtype and mutant SMO receptors in the absence of ARL13B. To 
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achieve this, I will treat cells with ARL13B targeted shRNA or scrambled control RNA containing 

lentiviruses to knockdown ARL13B protein and measure SMO receptor activation.  
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CHAPTER 7 

PERSPECTIVES AND DISCUSSION 
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7.1 Dissecting the ciliary processes that regulate SMO trafficking and SMO activation. 

SMO is a 7 transmembrane orphan GPCR and obligate transducer of the Shh signaling 

pathway. SMO, along with other components of the Shh pathway, is dynamically linked to the 

primary cilium. However, the ciliary processes that regulate this dynamism remain mysterious. 

The key to understanding the pathway and its regulation by the cilium is crucial to moving the 

field forward.  The big outstanding questions in the field are 1) what are the endogenous substrates 

that activate SMO, 2) what is Ptch1 function that regulates the substrates, and 3) what is the role 

of the cilium in controlling these substrates? These seemingly basic questions have intrigued the 

field since the discovery that cilia are required for vertebrate Hedgehog and that the pathway 

components dynamically localize to cilia (Huangfu et al. 2005; Huangfu et al. 2003; Corbit et al. 

2005; Rohatgi et al. 2007; Haycraft et al. 2005; Liu et al. 2005). In this section I will discuss the 

most recent advances in the field. Specifically, I will focus on 1) new information regarding SMO 

trafficking dynamics in relation to cilia and 2) new models of SMO activation. Functionally, these 

processes are difficult to separate as SMO trafficking to and from cilia is linked to its activation. 

Therefore, my discussion of the two topics will blend to some extent.   

7.1.1 SMO ciliary exit is regulated by a common GPCR ubiquitination pathway 

 Trafficking of proteins into and out of cilia is a dynamic process because the ciliary 

compartment and membrane are exclusive environments, so the trafficking process has several 

steps and chaperones. The BBSome is an octameric complex that expands the ability of IFT to 

traffic proteins (Nachury et al. 2007; Berbari et al. 2008b). The BBSome is linked to the ciliary 

exit of activated GPCRs yet it is unclear how the BBSome distinguishes between active and 

inactive GPCRs (Ye et al. 2018). Recent work shows that -arrestin 2 directs the ubiquitination of 
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activated GPCRs (Shinde et al. 2020). This expands -arrestin 2’s well-known mechanism of 

retrieving receptors from the plasma membrane via ubiquitination and endocytosis in the cell body  

(Shenoy et al. 2001; Xiao et al. 2011; Lohse et al. 1992; Lohse et al. 1990). In cilia, -arrestin 2 

facilitates the ciliary exit of activated GPCRs, but how it coupled these GPCRs to active transport 

proteins was unknown (Green et al. 2016; Pal et al. 2016). This recent study showed that -arrestin 

2 recruits a ubiquitin ligase to build K63 ubiquitin chains on activated GPCRs, marking them for 

BBSome-mediated ciliary exit. Disabling the BBSome, removing -arrestin 2, or mutating lysine 

residues that could be ubiquitinated on GPCRs SSTR3 and GPR161 are all sufficient to block 

ciliary exit. There are more than two-dozen known ciliary GPCRs that once activated exit cilia 

(Mykytyn et al. 2017). This suggests that the -arrestin 2-guided ubiquitination and BBSome 

mediated exit of activated GPCRs may be a shared mechanism.  

Interestingly, SMO is differentially regulated by this mechanism. SMO is only enriched in 

cilia when activated. Inactive SMO exits cilia, which contrasts with other GPCRs that exit cilia 

when activated. This recent study, inactive SMO and active GPCRs exit cilia in a -arrestin 2 

targeted ubiquitination mechanism (Shinde et al. 2020). Therefore, activated SMO bypasses 

ubiquitination to maintain its ciliary location and transduce the Hh signal. Why SMO is 

differentially regulated by this ciliary process is unclear. Activation of GPCRs involves 

conformational change that exposes the receptor to endocytic pathways. The mechanism of SMO 

activation is largely enigmatic, but is thought to occur in multiple steps (Rohatgi et al. 2009). 

Moreover, low levels of inactive SMO are thought to constantly shuttle into and out of cilia 

(Ocbina et al. 2008). So, perhaps the conformational change that allows SMO into cilia is the same 

form that permits its exit. Only when activated does the SMO conformation change to a form that 
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prevents it from being recognized by exit machinery, allowing it to enrich in cilia. This model fits 

with our understanding of how Ptch1 suppresses SMO activation and enrichment in cilia. Loss of 

Ptch1 is sufficient to fully activate SMO, resulting in Hh pathway hyperactivation that is lethal in 

embryos (Goodrich et al. 1997). This suggests that without Ptch1 there is no alternate ciliary 

mechanism capable of suppressing active SMO and removing it from cilia. Therefore, Ptch1 must 

be influencing SMO conformation, causing it to take an inactive form that promotes SMO removal 

from cilia. This would explain why an in vitro model of SMO activation showed that overexpressed 

SMO is active and only suppressed by co-expression of Ptch1 (Myers et al. 2017).  

In my work, I studied a hypomorphic allele of SMO named cabbie (Smocbb). The point 

mutation, an asparagine-to-lysine change at residue 223, is in the N-terminal portion of the 

receptor. It sits in a linker domain that bridges between a large N-terminal cysteine rich domain 

(CRD) and the start of transmembrane domain 1. Homozygous Smocbb/cbb embryos had phenotypes 

consistent with low Hh signaling and the SMON223K receptor had difficulty enriching in cilia.  It 

could be the SMON223K receptor is overly susceptible to ubiquitination and BBSome-mediated 

ciliary exit. This would prevent SMON223K from enriching in cilia. It is also possible that SMON223K 

cannot enter cilia properly, this could explain why it never enriches in response to ligand. However, 

Shinde et al showed that SMO enrichment in cilia occurs rapidly and reaches peak levels in just 

minutes (Shinde et al. 2020). If SMON223K has slow ciliary entry, then it would enrich in cilia after 

a long period. In my experiments, I treated Smocbb mutant cells for 24 hours with Shh containing 

media and SAG but observed only a marginal increase in SMON223K enrichment in cilia. If 

SMON223K entry is deficient, then a 24-hour treatment is sufficiently long enough for SMON223K to 

overcome this. I interpret this to mean SMON223K is not simply defective in ciliary entry so propose 

that it is subject to ubiquitination and exit. Both hypotheses can be tested. A defect in SMO entry 
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would be revealed if mutations are made to the ubiquitinated residues on the C-terminus and 

intracellular loop 3 of SMON223K. If SMON223K entry is deficient, then blocking ubiquitination will 

have no effect on SMON223K enrichment. If SMON223K is being rapidly trafficked out of cilia by the 

ubiquitin pathway, then blocking ubiquitination will cause SMON223K to enrich in cilia. Poor 

enrichment and activation of the Shh pathway by SMON223K may not be due to only a trafficking 

defect. It could also have decreased potential for activation, which this model would not be able 

to address. In the next section I will discuss new models of SMO activation and apply them to 

SMON223K.   

7.1.2 SMO activation conformations are modulated by dynamic association with oxysterols  

The most important changes in the field are the mounting evidence that (1) cholesterol 

activates SMO, and (2) Ptch1 may be regulating sterol organization in cilia. There has long been 

a physiologically relevant implication for cholesterol in the regulation of vertebrate Hedgehog 

signaling. Patients with Smith-Lemli-Opitz syndrome have dysfunctional dehydrocholesterol 

reductase DHCR7, resulting in diminished cholesterol synthesis. They present with phenotypes 

that indicate low Hedgehog activity (Blassberg et al. 2016). The evidence that SMO activation is 

influenced by cholesterol is strong, but the possibility that cholesterol is the “one and only” ligand 

for SMO is unlikely, but may be a derivative of an endogenous modulator. There are several 

oxysterols that are shown to bind and modulate SMO activity (Corcoran et al. 2006; Dwyer et al. 

2007; Nachtergaele et al. 2012). Still, cell membranes, the ciliary membrane included, are lipid 

rich environments that cannot exist without cholesterol and its derivatives. All GPCRs that reside 

in the membrane are dynamically associating with lipidated structures that are part of the 

membrane composition (Hanson et al. 2008; Hanson et al. 2012; Jafurulla et al. 2019). Finally, 
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several ligand binding domains have been identified in the SMO structure, including multiple 

sterol sensing domains (Byrne et al. 2018). Given what we know, the most likely scenario is 

cholesterol and its derivatives act as a modulator of SMO activity, facilitating the full activation 

of the SMO and thereby the highest levels of Hh pathway activation that are required during 

development.  

As the data supporting cholesterol-induced activation of SMO continues to grow, the next 

challenges will be identifying how Ptch1 functions to influence cholesterol and why it occurs in 

and around the cilium. There is no question that the cilium has a tightly regulated environment, 

and this includes membrane lipid compositions that are essential for normal cilia structure and 

function (Maerz et al. 2019). One model proposed that Ptch1 function in cilia is influenced by 

sodium ion gradients that power its ability to control the SMO-activating substrate (Myers et al. 

2017). In another model, Ptch1 acts as a cholesterol transporter, directly modulating lipid dynamics 

in cilia. This influence in lost in the presence of Hh ligand, thereby facilitating SMO activation 

(Zhang et al. 2018; Kowatsch et al. 2019). Ptch1 would have to structurally shield or sequester the 

SMO-activating substrate, as the Ptch1-SMO interaction is sub-stoichiometric (Taipale et al. 

2002). A concept supported by increases in ciliary cholesterol by Hh ligand that enhance SMO 

activation and Hh pathway output (Kinnebrew et al. 2019). Thanks to enhanced microscopy 

techniques, we are beginning to better understand the dynamics of Ptch1 and SMO in cilia, which 

will soon allow researchers to identify how sterols bridge the gap between the two receptors (Weiss 

et al. 2019).  

Cholesterol acting as a modulator, and not as the essential ligand fits with my interpretation 

of the SMON223K mutation. The SMON223K mutation is in the linker domain that bridges the CRD 



173 

 

to the transmembrane domains. Initial models characterized the SMO cysteine rich domain (CRD) 

as a sterol binding site (Byrne et al. 2016; Huang et al. 2016; Luchetti et al. 2016b). Perhaps part 

of the SMON223K activation deficiency is linked to a decreased sensitivity to cholesterol induced 

activation. This could be due to a decreased affinity for cholesterol at the sterol sensing domain of 

the CRD. Alternatively, cholesterol binding could be normal, but the N223K change prevents the 

CRD from shifting SMO into an activated conformation. Both hypotheses could be tested using 

structural biology and protein modelling. 

Through protein modelling, structural biologists discovered an additional sterol sensing 

region in the transmembrane domain of the receptor (Huang et al. 2018; Hedger et al. 2019; 

Deshpande et al. 2019). This domain is associated with a unique inhibitory π-cation lock that 

prevents SMO activation. Perhaps not that surprising, this lock appears to be broken in the 

constitutively active SMOA1 cancer causing mutant (Huang et al. 2018). This model fits with our 

understanding of SMO antagonists that bind the transmembrane domain, blocking activation and 

enrichment in cilia. The exception is cyclopamine which inhibits SMO activation but causes it to 

enrich in cilia. This may be because cyclopamine binds to the CRD, helping move SMO into an 

active confirmation without breaking the π-cation lock (Huang et al. 2018). The significance is the 

identification of different SMO conformations, helping to separate the distinct processes of SMO 

trafficking to cilia and SMO activation. These data support a model where SMON223K defect in 

activation is linked to a structural inability to assume a more active conformation. The Smocbb 

homozygous embryo has improved survivability compared to a Smo null embryo (Kasarskis et al. 

1998; Zhang et al. 2001). This means SMON223K can transduce some of the Hh signal, but it cannot 

reach the high levels required to properly pattern the neural tube or control skeletal development. 

Breaking the π-cation lock may be the key to fully activating SMO, which SMON223K cannot 
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overcome. This could be tested by disabling the π-cation lock on the SMON223K receptor. If this is 

the activational defect of SMON223K, then breaking the π-cation lock will allow SMON223K to 

behave like the constitutively active SMOA1 mutant. If this has no effect on SMON223K function, 

this will point to an inability of SMON223K to activate G-proteins and its downstream signaling 

cascade. This could be tested with a [35S]GTP binding assay for GPCR activation. If SMON223K 

cannot properly bind and activate G-proteins, then it would accumulate less radioactive signal from 

the [35S]GTP compared to a wildtype SMO receptor.  

Current dogma in the field is that SMO does not directly bind the Hh ligand. Rather, it is 

clear that Hh binds to Ptch1 (Marigo et al. 1996; Stone et al. 1996; Fuse et al. 1999). There is 

evidence that this is true, but there is plenty of justification for the possibility of SMO also 

interacting with the Hh ligand. SMO belongs to the F-class, or Frizzled family of GPCRs. The 

only other receptors in this family are Frizzled receptors. SMO shares structural similarities to the 

Frizzled receptors, including the CRD, but unlike SMO they are not orphan receptors. Frizzled 

receptors function as part of the Wnt signaling pathway and can bind directly to the Wnt ligand. 

Wnt processing requires it be cholesterolyated, similar to the Hh ligand. So, the cholesterolyated 

Wnt ligand binds to the Frizzled receptor’s sterol sensing domain in the CRD of the N-terminus. 

If both SMO and the Hh ligand share this homology and post-translational modification, 

respectively, then why don’t they interact? Did these opposing pathways that share such close 

homology really diverge at this specific point? To be fair, this discussion excludes the role of 

Ptch1, as there is no equivalent in the Wnt pathway. So perhaps it is just a matter of competing for 

Hh ligand and Ptch1 has a much higher affinity for Hh ligand than SMO.  

7.1.3 ARL13B functions as an essential regulator of SMO and the Shh pathway 
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1) Why is SMO enriched in cilia of unstimulated Arl13b null mutants and 2) what can this 

tell us about ARL13B’s function in relation to SMO? There is substantial evidence that, in the off-

state, SMO cycles through the cilium at low-mostly undetectable levels. Only when the pathway 

is activated by endogenous or exogenous methods does SMO enrich in cilia. In Arl13b null cells, 

SMO is improperly retained in the off state, resulting in its ciliary enrichment, and this level further 

increases upon stimulation. The biggest assumption we make is that the SMO trapped in Arl13b 

null cilia is inactive. This assumption is based on in vivo and in vitro data showing that loss of 

Arl13b causes low-level Shh pathway activation. If the trapped SMO is active, then we would 

expect to observe higher levels of pathway output, but this is not the case (Mariani et al. 2016; 

Larkins et al. 2011). Moreover, pathway activation in Arl13b null cells increases the amount of 

SMO present in cilia and activates the pathway, but not to the fullest degree. So, it seems the 

pathway upstream of SMO is at the very least partially functional. Loss of Ptch1 removes all 

suppression of SMO, allowing SMO to fully activate the Hh pathway (Goodrich et al. 1997). 

Concomitant deletion of Ptch1 and Arl13b suppresses some Hh signaling, but not completely, as 

Ptch1 Arl13b mutants do not resemble Arl13b single mutants (Caspary et al. 2007). These genetic 

data support a role of ARL13B upstream of SMO and show that the endogenous pathway 

activating SMO is still partially functional when Arl13b is lost. If this SMO is inactive, how then 

is it enriched/retained in cilia, bypassing the normal exit of the inactive receptor? One possibility 

is that ARL13B aids in coupling SMO to exit machinery that pull active and inactive GPCRs out 

of the cilium. SMO is not the only GPCR in cilia, but it isn’t clear that other GPCRs are also 

misregulated by loss of Arl13b, so this would need to be tested.  

Moving forward, I will investigate the role of GPCR ubiquitination in mediating GPCR 

behaviors in Arl13b null cells. Recently, studies have shown that ubiquitination of SMO is 
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sufficient and necessary for its exit from cilia (Desai et al. 2020; Shinde et al. 2020). Furthermore, 

activated SMO bypasses ubiquitination to enrich in cilia and avoid the ciliary exit pathway. In 

Arl13bhnn cells, SMO is abnormally enriched in cilia. Coupled with these recent data, this suggests 

SMO is either 1) not ubiquitinated, or 2) the exit pathway for ubiquitinated GPCR exit is disabled 

due to the loss of Arl13b. I will use ubiquitin tagged GPCR constructs to test the functionality of 

ubiquitin GPCR exit from cilia in Arl13bhnn cells. I will also examine the buildup of endogenously 

expressed ubiquitinated proteins in Arl13bhnn cilia using antibodies specific for K48 and K63 chain 

ubiquitin. There are no known links between ARL13B and the BBSome other than their 

localization to cilia. BBS3 encodes ARL6, so there is a role for GTPases in BBSome function. 

These experiments will identify a possible mechanism for cilia protein composition 

disorganization caused by a loss of ARL13B and possibly shed light on its function in the 

regulation of SMO. 

7.1.4 Final thoughts on Smocbb 

The importance of Smocbb mutation and its impact on the CRD and SMO conformational 

states has not been fully realized. Clearly, the CRD plays an essential role in the SMO activation 

conformation and more specifically, SMO enrichment in cilia. The SMON223K mutation could 

disrupt SMO conformational changes required for its enrichment in cilia; this would explain the 

low levels of ciliary SMO I observe in Smocbb cells and embryos (Gigante et al. 2018). In addition, 

the activation defect of SMON223K has not been fully characterized. This is due to an absence of 

appropriate readouts of SMO activation. The in vivo neural tube patterning, SMO enrichment in 

cilia, and in vitro Shh-dependent gene transcription are all downstream or accessory measures of 

SMO activation. What’s missing is a direct method to detect activated SMO. This gap has been 
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partially filled by the invention of a cell-based luciferase assay for SMO activity. While the assay 

bypasses the role of the cilium in SMO activation, it is so far the best readout of SMO GPCR 

activation (Myers et al. 2017). This assay is exciting because it harnesses the yet unknown 

endogenous mechanisms that regulate and activate SMO. However, the full potential of the assay 

has not been fully realized. Future experiments will focus on using this assay to expand our 

knowledge of the SMO and the endogenous pathway that activates it.   

7.2 Cilia-excluded ARL13BV358A reveals cilia specific and tissue specific functions of 

ARL13B. 

I observe shorter cilia in MEFs isolated from Arl13bV358A mutant embryos, a phenotype 

reported in the Arl13b null embryo and cells (Caspary et al. 2007; Larkins et al. 2011). A further 

consequence of Arl13b loss is a defect in the ciliary axoneme in cilia of the embryonic node 

(Caspary et al. 2007; Larkins et al. 2011). What’s unclear is whether all ciliated tissues share these 

defects in cilia. Cilia are heterogenous and serve tissue specific functions, so perhaps loss of Arl13b 

or ARL13BV358A cause cilia defects in some, but not all cilia types. This is perhaps best illustrated 

by the fact that conditional deletion of Arl13b in kidneys causes a complete loss of cilia, but not in 

other ciliated tissues (Seixas et al. 2016; Sun et al. 2004). In analysis of Arl13bV358A/V358A cells, I 

measured short cilia and observe short cilia in the embryonic neural tube. Moreover, I observe cilia 

in the lumen of the kidney nephron of Arl13bV358A mutants. Why ARL13B is necessary for cilia 

formation in kidney, and not in other tissues is unknown. Furthermore, it’s surprising that cilia 

excluded ARL13BV358A is sufficient for kidney cilia formation, but cannot prevent kidney cyst 

formation. Based on these data it appears ARL13B is playing a role in a ciliogenesis pathway, a 

function that may be specific to nephron cells.  



178 

 

Importantly, ARL13B has ciliary and non-ciliary roles in specific tissues. The best 

evidence for this is the kidney cyst and obesity phenotypes I discovered in Arl13bV358A mice. Both 

cystic kidney disease and obesity are common among patients with ciliopathies. So, it is very likely 

the Arl13bV358A mice have these phenotypes because of a loss of ciliary ARL13B. Hopefully the 

ARL13BV358A mutant will aid in dissecting ARL13B’s functions in the cell body by isolating it 

from the cilium. The Caspary lab remains focused on what ciliary control is lost in the 

ARL13BV358A mutant, so there is an opportunity to re-examine cilia-independent functions of this 

cilia protein.  

7.3  Final conclusions 

 Advancement in genetics fuel scientific discoveries across disciplines. Since the advent of 

the knockout mouse, we’ve learned a great deal from generating genetic knockouts. The loss of a 

gene gave insight into that gene’s biological function. However, knocking out a gene is like taking 

Figure 7.1 Summary.  

ARL13B regulates the trafficking of 

SMO from outside of cilia and SMOcbb 

mutant receptor poorly enriches in 

cilia, leading to a loss of high-level Shh 

pathway activation. New lines of 

evidence place ARL13B at the nexus of 

SMO and the unknown ciliary 

processes that activate SMO. Created 

in BioRender.com 
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a sledgehammer to a system, sometimes crippling it. Moreover, because human disease rarely 

manifests as the complete loss of a gene. Even among ciliopathies, most disease-causing mutations 

are single residue changes. This thesis uses more delicate genetics to makes small changes to 

genes. By making single point mutations to two proteins, I have unlocked new knowledge of how 

they function in relation to the localization in cilia (Figure 7.1). 

To begin to dissect the mechanisms by which Hh signaling relies on cilia we need more 

subtle genetic approaches. In this field, the best example is Smo. Loss of Smo is embryonic lethal 

at around E9.5, a stage at which Hh signaling only just begins to exert its influence. Because of its 

important role in development, there are few Smo mutations linked to human disease or in vivo 

models. Advancement in scientific discoveries are so often shaped by modeling disease, and so 

without a disease to model there is a clear lack of knowledge surrounding Smo. Moreover, null 

mutations deplete a protein entirely, making it difficult to study how cilia regulate SMO if SMO 

is absent. To better understand SMO function and how it is controlled by the unknown ciliary 

processes that regulate it, we need more delicate genetics that make small changes to SMO while 

retaining the presence of the protein.  

 In this body of work, I showed that the Smocbb mutant provides a unique opportunity to 

study SMO function and activation. Through this mutant, I have presented evidence that ARL13B 

functions to regulate SMO activation, either through SMO trafficking to cilia or the unknown 

ciliary processes that activate SMO. I hope that my work will help fill fundamental gaps in our 

knowledge of SMO activation and cilia, and provide the field with a deeper, more complete 

understanding of the relationship between cilia and Hh signaling.  
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