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Joubert syndrome (JS) is a mostly recessive, neurodevelopmental condition 

diagnosed by the molar tooth sign (MTS) on axial brain imaging. Currently, >40 genes 

are associated with JS, all of which encode proteins that function in and around the 

primary cilium, a microtubule-based signaling organelle. The association of >40 cilium-

related JS genes with the JS-specific brain malformation suggests a unifying cilium-

related disease mechanism across genetic causes; however, the mechanistic details 

remain unknown. Aberrant Hedgehog (Hh) signaling has been implicated in model 

systems representing more than half of the JS genes, but specific alterations in the Hh 

signaling cascade have not been characterized across genetic causes of JS in a single 

model system. To determine whether a consistent disruption in Hh signaling underlies 

JS, we evaluated Hh signaling using standard assays for two key steps in a single 

model system. Using the CRISPR-Cas9 system in hTERT RPE-1 cells, I engineered 

biallelic frameshift variants in 9 representative JS-associated genes encoding ciliary 

proteins that localize to each of the major sub-compartments of the cilium: tip, cilium-



 

 

proper, transition zone, and basal body. Transition zone mutants displayed fewer cilia, 

and multiple mutants exhibited abnormal cilium length; however, these defects were not 

uniformly present across mutants. Similarly, relocalization of the key Hh pathway 

component SMO in response to pathway stimulation was blunted in several mutants 

across compartments, most severely in the one transition zone mutant that made 

enough cilia to be tested. Finally, induction of the Hh target gene GLI1 was blunted in 

cilium-proper and transition zone mutants, but not in tip and basal body mutants. My 

work indicates that blunted Hh signaling is a key mechanistic feature associated with JS 

gene dysfunction, potentially identifying a target for pharmacologic treatments. Future 

work will focus on determining whether JS gene dysfunction impacts the dynamic range, 

timing, and other aspects of Hh signal transduction, or if we need to look beyond Hh to 

identify a unifying mechanism underlying JS.  
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Overview 
Our ability to identify the genetic causes of rare diseases, such as Joubert 

syndrome (JS), has quickened with improved sequencing technologies and 

bioinformatics approaches. With the identification of over 40 JS-associated genes, we 

are now tasked with understanding the cellular biology underlying the condition. By 

understanding what cellular characteristics are perturbed in individuals with JS, we can 

improve healthcare guidance and identify potential therapeutic targets. Currently, 

several mechanisms are proposed to underly JS, but few studies have looked across 

multiple causes of JS, in the same system, and with the same assays. Thus, there 

remains the need to understand the mechanism underlying Joubert syndrome across 

genetic causes of the condition.  

My thesis focuses on determining whether Hedgehog signaling (Hh) is perturbed 

across genetic causes of JS. Chapter 1 will describe JS, its relationship to other 

conditions involving the primary cilium, and why Hedgehog signaling is a potential 

mechanism underlying JS. Chapter 2 will describe how we selected a cellular model 

system to study Hedgehog signaling in JS. Chapter 3 will focus on our study looking at 

mutants of 9 JS-associated gene mutants and their ciliary characteristics and response 

to Hh signaling. Chapter 4 will discuss assay validation and modification. Chapter 5 will 

include future directions and how this work contributes to our understanding of JS.  

Joubert syndrome and genetic causes 
Joubert syndrome is a primarily recessive neurodevelopmental condition defined 

by a distinctive brain imaging finding called the Molar Tooth Sign (MTS, Figure 1.1).1 

Abnormal mid-brain/hindbrain development, including cerebellar vermis 

aplasia/hypoplasia, thick superior cerebellar peduncles, and a deep interpeduncular 

fossa result in appearance of the molar tooth sign.2–5 All individuals with JS have 

developmental delays and low muscle tone/ataxia. Variable features include abnormal 

eye movements, breathing abnormalities, coloboma, polydactyly, encephalocele, and 

progressive features including retinal dystrophy, kidney, and liver involvement. Some of 

these variable features can be monitored in patients, but the debilitating progressive 

phenotypes and learning disabilities can result in lifelong difficulties for individuals with 

JS and their families. 
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Figure 1.1. The molar tooth sign. Axial magnetic resonance imaging of an unaffected 
individual (left) and an individual with Joubert syndrome (right), showing the molar tooth 
sign, circled in white.  
 

Joubert syndrome was first described in 1969 by Marie Joubert and colleagues.6 

In 2004, AHI1 was published as the first JS-associated gene.7 Currently, over 40 JS-

associated genes have been identified, accounting for the genetic diagnosis of ~70-90% 

of individuals with JS depending on the cohort (Figure 1.2).8–11 Five of these genes, 

AHI1, CC2D2A, CEP290, CPLANE1, and TMEM67, account for a large proportion of 

genetic diagnoses in the University of Washington JS cohort.11 Most JS genetic 

diagnoses are biallelic variants carried in one of the JS-associated genes. However, in 

2021, the first dominant form of JS was identified in the Suppressor of fused homolog 

(SUFU) gene, which causes mild JS.12 With a proportion of diagnoses still unsolved, the 

list of JS-associated genes will continue to expand and include other inheritance modes. 

Our ability to identify genetic causes of JS has improved, while our understanding of the 

biology of JS at the cellular and organismal level lags.  

The primary cilium and ciliopathies   
All JS-associated protein products localize in and around the primary cilium 

(Figure 1.2). The primary cilium is an immotile, nearly ubiquitous microtubule-based 

organelle that acts as a cellular antenna, transducing light, mechanical, and chemical 

signals into cells and mediating multiple signaling pathways, including Hedgehog (Hh) 

signaling.11,13–16 The primary cilium has several major sub-domains: the basal body (BB) 
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is a modified centriole that anchors the cilium to the cytoskeleton. The transition zone 

(TZ) is immediately distal to the basal body, linking the cilium to the plasma membrane 

and regulating protein traffic in and out of the cilium.17–21 Membrane receptors decorate 

the cilium proper (CP). The ciliary tip (TIP) is a specialized compartment involved in 

ciliary length control, ciliary vesicle release, and the transition from incoming to outgoing 

ciliary protein transport.22–25  

 

Figure 1.2. The primary cilium and JS-associated genes. A schematic of the primary 
cilium with ciliary sub-compartments labeled. Most proteins localize to the transition 
zone (teal), while the remaining proteins localize to the basal body (yellow), cilium 
proper (red), and cilium tip (pink).  
 

Most vertebrate cell types have a single primary cilium protruding from the 

cellular surface, sharing a membrane with the cell. Primary cilia lack ribosomes and 

proteins diffuse into cilia or use the intraflagellar transport (IFT) system as a shuttle 

system for proteins. IFT trains carry cargo towards the ciliary tip (IFT-B) and back to the 

base of cilia (IFT-A). Proper function of IFT is required for cilium assembly and transport 

of ciliary localizing proteins. Loss of function in IFT and other cilia-associating proteins 
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can affect ciliary length, but the mechanism for cilium length control remains unclear. 

Work in IFT mutants, wim and fxo, identified abnormal neural tube development in 

murine embryos, a characteristic feature of abnormal Hh signaling.15 This was early 

evidence that primary cilia play a role in Hh signaling.  

Phosphoinositide (PI) composition distinguishes the ciliary membrane from the 

cellular membrane and controls the localization and activity of cilia-specific proteins. 

INPP5E, a JS-associated protein, is a phosphatase that regulates ciliary PI composition, 

hydrolyzing PI(4,5)P2 and PI(3,4,5)P3.26 PI(4)P localizes to the ciliary axoneme, while 

PI(4,5)P2 localizes to the transition zone and proximal ciliary axoneme.27,28 INPP5E loss 

of function models result in higher PI(4,5)P2 within cilia and retention of negative 

regulators in the Hedgehog signaling pathway.27,28 INPP5E localizes to primary cilia in 

non-dividing cells, and relocalizes to the centrosome and kinetochore during mitosis.29  

JS belongs to a group of genetic conditions arising from defects in ciliary 

function, called ciliopathies. Some JS phenotypes overlap with other ciliopathies, i.e. 

Nephronophthisis (NPH, kidney involvement), Meckel syndrome (MKS, cystic kidneys, 

polydactyly, occipital encephalocele, and liver fibrosis), and Bardet-Biedl syndrome 

(intellectual disability, retinal dystrophy, and polydactyly).30 Along with phenotypic 

overlap, JS shares genetic overlap with ciliopathies, including MKS (17 genes) and NPH 

(2 genes). While there is phenotypic overlap between ciliopathies, JS is the only 

ciliopathy with the specific MTS brain malformation.  

With more than 40 JS-associated genes, a shared cellular etiology has not been 

identified across genetic causes of JS. Data from models (animal and cellular) and 

patient-derived cells for JS-associated genes exhibit variable defects in cilium number, 

cilium morphology, multiple signaling pathways, cytoskeleton structure, autophagy, and 

DNA damage response, but the relevance of these defects across genetic causes of JS 

and disease process has not been determined.31–38 Previous studies have identified Hh 

signaling abnormalities, but Hh pathway dysfunction has not been systematically 

evaluated across multiple genetic causes of JS in human cells or across pathway 

signaling steps, which is the focus of my thesis project.  
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Figure 1.3. Hedgehog signaling in the primary cilium. (A) Schematic of Hh signaling 
showing a detailed pathway response with and without stimulation. Localization of key 
pathway proteins (SMO, PTCH, GPR161, GLI2/3, SUFU, KIF7) and downstream target 
gene induction (GLI1, PTHC1). (B) Simplified schematic of Hh signaling with and 
without pathway stimulation. Here, we are highlighting key pathway steps that are 
commonly measured in the literature. 
 

Hedgehog signaling and JS-associated gene models   
In vertebrates, the primary cilium plays an obligate role in canonical Hh signaling 

through the coordinated movement of receptors and effectors into and out of the 

organelle (reviewed in 39). In the absence of Hedgehog (Hh) ligand, the pathway 

receptor Patched (PTCH) localizes to the primary cilium, impeding Smoothened (SMO) 

localization by limiting accessible cholesterol at the ciliary membrane (Figure 1.3).40 

Without stimulation, GPR161, an orphan G protein-coupled receptor and negative 

regulator of the pathway, helps maintain transcription factors GLI2/3 in their 

proteolytically cleaved repressor forms. GLI2 acts as an activator of the pathway, while 

GLI3 is a repressor of the pathway, with the function of both transcription factors being 

necessary for proper signaling and development processes.41,42 TULP3 shuttles 

GPR161 into the cilium by binding to the IFT-A complex and bridging the IFT complex 

with the cellular membrane, enabling proteins like GPR161 to localize to the cilium.43 

The presence of GPR161 in cilia increases ciliary cAMP, maintaining PKA-mediated 

proteolytic cleavage of GLI3.44 GLI2/3 complex at the ciliary tip with SUFU and KIF7, 

two JS-associated proteins. SUFU acts to stabilize GLI2/3 full length activators45 and 

A B 
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KIF7 binds to the plus ends of microtubules, helping to maintain the ciliary tip 

environment.24  

 
Table 1.1. Hedgehog-related characteristics reported in the literature. We reviewed 
models of JS-associated genes and recorded Hh-related characteristics. Broadly, they 
are grouped by protein localization, protein expression, gene expression, and organism 
phenotypes, with specific assays listed within each category. The numbers represent 
how many JS-associated genes have published evidence pertaining to the listed Hh 
characteristic. It includes reports of normal and abnormal characteristics. WB = western 
blot. Experiments to collect mRNA expression included qPCR, RNA-seq, and GLI 
luciferase assays.  
 

Prior to receptor binding, HH protein goes through a process of autoproteolytic 

cleavage, where the C-terminal region of the protein dissociates from the N-terminal 

region (HH-N) and is degraded, which leads to the addition of cholesterol to the N-

terminal.46 HH-N protein is further modified via skinny hedgehog (SKI), an 

acetyltransferase that attaches a palmitic acid group.47 The modified ligand can then be 
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secreted by the transmembrane protein Dispatched (DISP) and SCUBE2 proteins or as 

multimers.48–50  

With pathway stimulation, cholesterol modified and palmitoylated HH ligand binds 

PTCH,51 leaving the cilium along with GPR161. SHH binding promotes an increase in 

ciliary Ca2+, which decreases ciliary cAMP and PKA activity, reducing proteolytic 

cleavage of GLI2/3.52,53 The KIF7, SUFU, and GLI2/3 complex increase localization to 

the ciliary tip, and uncleaved GLI2/3 activator forms translocate to the nucleus and 

upregulate transcriptional targets, including GLI1 and PTCH1.24   

To determine what steps in the pathway we wanted to measure in our 

experiments, we performed a literature review of Hedgehog signaling characteristics in 

models of JS-associated genes (Table 1.1 and Table 1.2). Our literature search 

included 43 JS-associated genes and candidate genes. We identified the common 

cellular indicators of Hh signaling as protein localization (SMO, GLI2/3, GPR161), GLI 

processing (GLI2/3), and pathway target gene expression (GLI1, PTCH, SHH) or in situ 

hybridization (PTCH1, GLI1). At the organism level, neural tube development and 

polydactyly were commonly used as indicators of abnormal Hh signaling. At least half of 

the JS-associated genes had reported experimental results for SMO localization, GLI3 

western blots, GLI1 and PTCH1 mRNA output, and neural tube organization (Table 

1.1). The predominant species used to determine response to Hh signaling were murine 

model systems (used in experiments for 22 JS-associated genes) followed by human 

and patient-derived cells (used in experiments for 20 JS-associated genes combined) 

(Appendix A, Table 1.2). Below, I will describe patterns in the literature for these 

characteristics of Hh.  
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Table 1.2. Commonly reported Hedgehog signaling characteristics in models of 
JS-associated genes. A summary table of commonly reported Hh pathway 
characteristics, including cellular and organism characteristics. In a subset of genes, 
ARL13B, INPP5E, KIF7, SUFU, and TMEM67, we separated reported knockout/null 
from knockdown/hypomorph model systems to determine whether the severity of the 
mutations/variants affected the assay output. AB = reported abnormal, NL = reported 
normal. 
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Pathway protein localization in JS models  
Hh ligand binding to PTCH promotes its ciliary exit and SMO ciliary entrance. 

SMO entry increases ciliary β-arrestin, promoting GPR161 ciliary exit and GLI2/3 

accumulation at the ciliary tip.54 Smoothened agonist (SAG) and recombinant SHH 

(SHH-N) are commonly used to stimulate the Hh pathway in vitro. JS-associated gene 

animal/cell models and a limited number of patient cell lines55–58 suggest localization of 

Hh pathway proteins are disrupted. For example, in INPP5E knockouts, abnormal 

protein localization in SMO, GLI2, GLI3, and GPR161 is presented, but there is 

evidence of normal SMO localization in one of the studies (Table 1.2).27,28,59,60 This is 

one of three genes where protein localization is available for the four proteins we were 

interested in and none of the studies reported data for SMO, GPR161, GLI2 and GLI3 in 

the same system (Table 1.2). Methods for measuring protein localization varied and 

included counting signal positive vs negative cilia, measuring fluorescence intensity, 

and sub-categorizing fluorescence signal patterns.   

Protein localization data was primarily generated from cilium tip, cilium proper, 

and transition zone mutants (Table 1.2). GPR161 localization data from tip and cilium 

proper mutants commonly reported higher baseline and stimulated levels of ciliary 

GPR161. Transition zone mutants had variable results, and there were no models for 

basal body genes. GPR161 data shows a trend towards blunted Hedgehog signaling 

across genes with available data. In the positive regulator of the pathway, SMO, there 

were examples of differing data in ARL3 (CP), ARMC9 (BB), KIF7 (TIP), and CC2D2A 

(TZ) mutants. In Arl3 IMCD3 knockdown cells, baseline Smo fluorescence is normal, 

and stimulated fluorescence intensity is low, similar to Cc2d2a IMCD3 knockdowns.61,62 

In contrast, ARMC9 NIH/3T3 knockout cells, Kif7 KO MEFs, and Kif7 knockdown MEFs, 

have normal Smo at baseline and with stimulation.24,63,64 While these results are 

conflicting, these studies provide a premise for our investigation into Hh pathway protein 

localization being disrupted across genetic causes of JS. Differences in cell type could 

contribute to the differences, which provides basis for using the same system to look 

across mutants.  

GLI2/3 processing 
In a downstream step of the pathway signaling cascade, GLI transcription factors 

are processed dependent on their phosphorylation status.44,65,66 In the absence of 
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pathway stimulation, GLI2/3 transcription factors are proteolytically cleaved into 

repressor forms.44,67 These transcription factors are specialized, with full length GLI2 

being the predominant activator, and cleaved GLI3 being the predominant repressor.68–

70 Western blots were used to detect GLI2/3 full length (FL) and repressor (R) isoforms 

and measure differences in expression with and without pathway stimulation. GLI2 data 

collection was inconsistent with some papers reporting GLI2 FL and R isoform, while 

others only reported a single band. Most often, protein lysate was collected from 

embryonic tissues (murine and chick) with fewer experiments using cell lysates. While 

using tissue lysates has the advantage of having higher protein levels, it makes it 

difficult to determine which cells in each tissue are stimulated versus unstimulated, 

limiting our understanding of the human disease state.  

There were fewer instances of conflicting data for GLI2/3 processing, but this 

category had fewer data available (Table 1.2). While there were fewer instances of 

conflicting data within this category, there was conflicting data across the experiments 

within genes. If an upstream step in the signaling cascade is abnormal, we would 

expect that downstream steps would be affected. In models of INPP5E that were 

discussed in the prior section, evidence for abnormal pathway protein localization was 

presented in the literature, but one study provided evidence for normal GLI2 and GLI3 

processing.60 In this study, protein was extracted from whole embryo, which may dilute 

protein and could be masking any subtle changes that may be occurring.   

Gene expression 
The predominant downstream readouts of the Hh pathway are GLI1 and PTCH1, 

with SHH being reported in several models.71–73 Expression experiments were reported 

at the cellular level, most often using qPCR, and in embryonic tissues, using in situ 

hybridization. Evidence in animal models and human cell lines suggests that several JS 

genes act upstream of GLI2/3 processing, and therefore GLI1 and PTCH1 

induction.55,74–79 In our literature review, we noted differences in expression across 

mutants and models, for example, between CEP104 (Tip) and Cep290 (TZ) (Table 1.2). 

In knockdown CEP104 hTERT RPE-1 cells, baseline and SAG stimulated GLI1 

expression were lower than controls.80 In contrast, CEP290 patient fibroblasts at 

baseline were comparable to unaffected cells, while SAG stimulated cells had a higher 
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GLI1 induction compared to unaffected cells.55 Some of the variation between qPCR 

experiments could arise from differing reference gene expression between baseline and 

stimulated cells. If assay validation was not performed for each cell/tissue type, even 

commonly used reference genes could mask or enhance differences in target gene 

expression.  

Performance of in situ hybridization consistently showed abnormal GLI1/PTCH1 

expression in embryonic tissues. The only exception was a Tmem67 knockdown model 

that did not differ in Ptch1 expression between mutants and controls.81 Overall, target 

gene expression was one of the most measured cellular phenotypes. It was consistently 

perturbed, but experiments were performed in different model systems and using 

different assays, making it difficult to understand the relevance to human disease. 

Organism features of Hedgehog signaling 
At the organism level, neural tube development and polydactyly were common 

markers of abnormal Hh signaling. HH is a morphogen that helps determine cell fate in 

the neural tube82 and proper digit formation,83 attributing these phenotypes to abnormal 

Hh signaling. Like other assays, data from cilium tip, cilium proper, and transition zone 

mutants were commonly reported, while basal body mutants had fewer data reported. 

These broader phenotypes at the organism level provide evidence that Hh signaling at 

the cellular level is likely perturbed in models of JS-associated genes. 

Proposed study  
Previous studies in animal/cell models and a limited number of patient-derived 

cell lines have identified Hh signaling abnormalities, but Hh pathway dysfunction has not 

been systematically evaluated across multiple genetic causes of JS in human cells 

using the same assays to measure changes in pathway signaling. We want to 

determine response to Hh signaling across a subset of JS genes, in the same model 

system, using the following assays: 1) Protein localization of GPR161 and SMO, 2) 

GLI3 processing, and 3) Target gene induction. Within these assays, our goal is to 

measure baseline, stimulated, and ratios when possible. These experiments will lay the 

groundwork for future research to determine the developmental basis of the JS-

associated brain and organ defects. Once we have a better mechanistic understanding 

of JS, we can utilize patient-derived cells to explore the human disease state of pathway 
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response, with the ultimate goal of identifying therapeutic target genes to improve the 

quality of life of individuals with JS.  
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Abstract 
Dysfunction of the primary cilium, a microtubule-based signaling organelle, leads 

to genetic conditions called ciliopathies. Hedgehog (Hh) signaling is mediated by the 

primary cilium in vertebrates and is therefore implicated in ciliopathies; however, it is not 

clear which immortal cell lines are the most appropriate for modeling pathway response 

in human disease; therefore we systematically evaluated Hh in five commercially 

available, immortal mammalian cell lines: ARPE-19, HEK293T, hTERT RPE-1, 

NIH/3T3, and SH-SY5Y. All of the cell lines ciliated adequately for our subsequent 

experiments, except for SH-SY5Y which were excluded from further analysis. hTERT 

RPE-1 and NIH/3T3 cells relocalized Hh pathway components Smoothened (SMO) and 

GPR161 and upregulated Hh target genes in response to pathway stimulation. In 

contrast, pathway stimulation did not induce target gene expression in ARPE-19 and 

HEK293T cells, despite SMO and GPR161 relocalization. These data indicate that 

human hTERT RPE-1 cells and murine NIH/3T3 cells, but not ARPE-19 and HEK293T 

cells, are suitable for modeling the role of Hh signaling in ciliopathies.   

Background 
Primary cilia are microtubule-based organelles that transduce light, mechanical, 

and chemical signals into cells.1 Protruding from the surface of most cell types, primary 

cilia mediate multiple signaling pathways, including Hedgehog (Hh), that play important 

roles in development and tissue homeostasis. Cilium dysfunction results in conditions 

called ciliopathies, and while abnormal Hh signaling has been described in models of 

ciliopathy-associated genes, details of the disease mechanism have not been clearly 

elucidated.2 Immortal cell lines are frequently used to study primary cilium biology and 

the mechanisms underlying ciliopathies;3–6 however, the strengths and weaknesses of 

commonly used human cell lines have not been systematically compared. The goal of 

this study was to identify immortal cell lines suitable for studying Hh signaling in human 

health and disease. 

In vertebrates, the primary cilium modulates the canonical Hh signaling pathway 

through the coordinated translocation of Hh pathway proteins in and out of the cilium 

(reviewed in 7). In the absence of Hh ligand, ciliary localization of the Patched (PTCH) 

receptor indirectly represses ciliary localization of Smoothened (SMO), maintaining the 
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pathway in an inactive state. This repression is reinforced by ciliary GPR161, an orphan 

constitutively active G-coupled protein receptor and negative regulator of the pathway, 

which maintains high ciliary cyclic AMP (cAMP) levels which in turn increases protein 

kinase A (PKA) activity. Increased PKA activity lead to proteolytic cleavage of GLI 

transcription factors into their repressor forms, maintaining expression of target genes 

low.8 During pathway stimulation, Hh ligand binds PTCH, promoting its export from the 

cilium, which results in SMO entry and GPR161 exit. In concert, GLI2/3, KIF7, and 

Suppressor of Fused (SUFU) localization to the ciliary tip increases, and is associated 

with reduced GLI2/3 cleavage.9,10 Uncleaved GLI2/3 activator forms translocate to the 

nucleus and induce transcriptional targets including GLI1 and PTCH1.11,12 In this work, 

we focus on canonical Hh signaling because it has been implicated in the mechanisms 

underlying ciliopathies across multiple model systems. We compare two steps in the Hh 

pathway in immortal cell lines: initial ciliary localization of Hh pathway components and 

downstream Hh target gene expression.  

Results  

Cell line selection 

We identified candidate models for human Hh signaling by evaluating the 

following characteristics in commercially available cell lines: human-derived, evidence of 

ciliation, immortal, required imaging characteristics (adherent, monolayer growth), 

evidence of Hh pathway response, and genetic tractability. ARPE-19, HEK293T, hTERT 

RPE-1, NIH/3T3, and SH-SY5Y cells met most criteria (Table 2.1). We included murine 

NIH/3T3 cells as a non-human control since these cells are frequently used to model Hh 

pathway function.6,20–22 
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 ARPE-19 HEK293T hTERT 

RPE-1 

SH-SY5Y NIH/3T3 

Cell origin 
Retinal 

pigment 

epithelial 

cells 

Embryonic 

kidney 

cells 

Retinal 

pigment 

epithelial 

cells 

Bone 

marrow 

derived 

Neuroblast

oma cells 

Murine 

embryonic 

fibroblast 

cells 

Human-derived 
Y Y Y Y N 

Ciliated 
Y Y Y Y Y 

Immortal 
Y Y Y Y Y 

Adherent  
Y S Y Y Y 

Monolayer 

growth Y N Y N Y 

Hh pathway 

response Y Y Y Y Y 

Gross 

chromosomal 

abnormalities 

N Y N N N 

Genetic 

tractability Y Y Y NR Y 

Table 2.1. Desired cell line characteristics for modeling Hh signaling. We searched 
the literature for evidence of the desired characteristics listed. ATCC often provided 
information about the following categories: human-derived, immortal, gross 
chromosomal abnormalities. When considering any known response to Hedgehog 
signaling, this included assays that measured response differently from the assays 
discussed in this paper (i.e. GLI3 processing, GLI luciferase assays). Y= Yes, N= No, S 
= semi-adherent, NR= Not reported. 
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Proportion of cells with cilia 

While all the cell lines have been reported to ciliate, the time course of ciliation 

for different cell lines is scattered across studies.23,24 Therefore, we aimed to define the 

optimal serum starvation conditions for Hh signaling experiments by determining the 

proportion of ciliated cells across time points after serum starvation: 0, 8, 16, 24, 48, 72, 

and 96 hours. Serum starvation removes growth factors available to cells, causing cells 

to drop out of the cell cycle and promoting ciliogenesis. For Hh imaging assays, we 

wanted cells to be in a monolayer, but we were unable to measure the 96-hour time  

point for HEK293T cells because they became overgrown when grown for >72 hours 

under standard conditions. 

 
Figure 2.1. Ciliation time course and cilia length for immortal cell lines. A) 
Proportion of ciliated cells at 0, 8, 16, 24, 48, 72, and 96 hours post serum starvation. 
The numbers of cells counted at each time point are listed below each column of the 
graphs. B) Cilium length across time points. Black bars across graphs delineate 2 and 
4μm. Black bars in each column represent median length. C) Proportion of ciliated cells 
without and with stimulation. Each symbol represents the proportion of ciliated cells in 
one batch. D) Cilium length without stimulation and with stimulation. Large symbols = 
median cilium length within a batch. Small symbols = cilium length of one cilium. One 
coverslip was imaged for each cell line and time point. The total number of cells counted 
across three batches are listed below each column of the graphs. 
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Baseline ciliation varied between cell types, ranging from ~5% in SH-SY5Y to 

~62% in hTERT RPE-1 (Figure 2.1). Serum starvation was associated with >15% higher 

ciliation rates over baseline in ARPE-19, hTERT RPE-1, and NIH/3T3 cell lines. Peak 

ciliation in these cell lines typically occurred 48 hours post-starvation and ranged from 

56% in ARPE-19 to 97% in NIH/3T3. In contrast, HEK293T and SH-SY5Y ciliation rates 

were the same with and without serum starvation. 

SH-SY5Y cells ciliated at low proportions through 96 hours of starvation, 

prompting us to evaluate 120- and 144-hour time points to determine whether ciliation 

was delayed compared to other cell lines. Even with prolonged starvation, <8% of SH-

SY5Y cells had cilia at each time point (Supplementary Figure 2.1).  

We and others have previously documented proportions of ciliated HEK239T 

cells >20%.25 To determine whether the low proportions of cells with cilia was a 

characteristic of the specific isolate of HEK293T cells, we repeated the time course 

experiment using three different isolates of HEK293T cells in our collection 

(Supplementary Figure 2.2A). Baseline ciliation rates were similar to our initial 

experiment (~20%) and increased to 32-39% by 24 hours. At 48 and 72 hours, the 

proportion of cells with cilia was lower than at 24 hours. We compared images of areas 

monolayer and multilayer growth, finding that more densely grown areas had more cilia 

(Supplementary Figure 2.2B,C). For the Hh experiments described below, we continued 

with monolayer cultures to allow for accurate quantitative immunofluorescence 

measurements. 

Cilium length 

We measured cilium length across all timepoints (Figure 2.1B). Cilium length was 

shorter at 0 hours for ARPE-19, HEK293T, hTERT RPE-1, and NIH/3T3 cells, 

stabilizing between 8-24 hours, while cilium length was similar across timepoints in SH-

SY5Y cells. Maximum median length for each cell line was 3.5μm for ARPE-19 (SD 

±1.2μm), 2.5μm for HEK293T (SD ±0.9μm), 3.6μm for hTERT RPE-1 (SD ±1.0μm), 3.0 

μm for NIH/3T3 (SD ±0.8μm), and 2.3μm for SH-SY5Y cells (SD ±0.6μm). Based on the 

low ciliation rate and exceptionally short cilia, we did not continue evaluating SH-SY5Y 

cells for Hh pathway response. 
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Hedgehog pathway response 

We next measured canonical Hh pathway activity in the cell lines using two Hh 

pathway assays commonly reported in the literature: 1) upstream localization of Hh 

pathway effectors SMO and GPR161 into and out of the cilium, respectively,8,26 and 2) 

downstream target gene (GLI1 and PTCH1) induction.11 

Hh pathway protein localization  

We measured the ciliary localization of SMO and GPR161 in unstimulated and 

Smoothened agonist (SAG) stimulated cells using our established quantitative 

immunofluorescence (qIF) protocol that determines relative protein localization between 

different cell lines and conditions.15 

Proportion of cells with cilia and cilium length in response to Hh stimulation 

 Proportion of ciliated cells and cilium length were moderately affected by 

pathway stimulation (Figure 2.1C, D). Proportion of ciliated cell was lower in stimulated 

cells compared to unstimulated cells across cell lines in a majority of batches. Cilium 

length was significantly decreased in ARPE-19 and NIH/3T3 cells, significantly 

increased in hTERT RPE-1 cells, and was not significantly different in HEK293T cells. 

SMO localization  

Normalized mean ciliary SMO signal was significantly higher in stimulated cells 

compared to unstimulated cells across all cell lines, with fluorescence intensity reported 

in arbitrary units (au): 1.5 – 2.6 au in ARPE-19 (SD ±0.7 – 1.1), 1.2 – 2.7 au in 

HEK293T (SD ±0.9 – 1.6), 2.1 – 2.9 au in hTERT RPE-1 (SD ±0.7 – 0.9), and 7.0 – 10.3 

au in NIH/3T3 cells (SD ±0.5) (Figure 2.2A). In ARPE-19 and HEK293T cells, SMO 

ciliary fluorescence intensity was weaker and background signal was higher compared 

to hTERT RPE-1 and NIH/3T3 cells (Supplementary Figure 2.2A).   

GPR161 localization  

We detected cilium-specific GPR161 signal in HEK293T and hTERT RPE-1 cells, 

a faint cilium-specific signal in ARPE-19 cells, and no cilium-specific signal in NIH/3T3 

cells (Figure 2.2B), so we could not measure GPR161 response in NIH/3T3 cells. 

Across three batches, normalized mean GPR161 intensity was lower with SAG 

stimulation: 0.57- 0.73 au in ARPE-19 (SD ±0.5 – 0.6), 0.64 - 0.76 au in HEK293T (SD 

±0.7 – 0.8),  



 

32 
 

 
Figure 2.2. SMO and GPR161 localization in response to Hh pathway stimulation. 
Normalized fluorescence intensity (au) of A) SMO and B) GPR161 with and without 
pathway stimulation. Large symbol = median normalized fluorescence intensity for 
individual coverslip data. Small symbol = normalized fluorescence intensity of one 
cilium. Measurement from three separate batches are indicated by a unique symbol 
shape and color. Total number of cilia measured listed in the second row below the 
graph. Representative images are shown below graphs for unstimulated (-SAG) and 
stimulated (+SAG) cells. Two-tailed Student’s t-test was performed. P-values 
represented significant differences if they ranged from 0.01 to 0.05 (*), 0.001 to 0.01 
(**), and <0.001 (***). 
 
 
 
and 0.40 – 0.95 au in hTERT RPE-1 (SD ±0.4 – 0.9) (Figure 2.2B). For one of the three 
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hTERT RPE-1 passages (Batch 3), the GPR161 signal was the same with and without 

stimulation. We suspect that this was due to an undetermined technical issue since 

hTERT RPE-1 cells responded when we repeated the experiment on an additional 

passage (Supplementary Figure 2.2C). 

Hh target gene expression  

GLI1 and PTCH1 are direct transcriptional outputs of the canonical Hh pathway 

and are commonly used to measure pathway activity.11 To measure GLI1 and PTCH1 

expression, we optimized our quantitative PCR assays using the 2−∆∆𝐶𝐶𝐶𝐶 method.27  

To accurately measure transcriptional responses to pathway stimulation using 

the 2−∆∆𝐶𝐶𝐶𝐶 quantitative PCR method, we identified suitable reference genes whose 

expression levels were similar to GLI1 and PTCH1 (>20 cycles, <30 cycles) and did not 

change with pathway stimulation in each cell line. We searched the literature for 

commonly used reference genes, identifying ten candidates for human cell lines and 

nine candidates for the mouse cell line (Methods table 2.1). We chose the genes with 

the most similar expression levels in stimulated and unstimulated cells, with the 

amplification cycles closest to GLI1 and PTCH1: PUM1 for ARPE-19 cells, TBP and 

PMBS for HEK293T cells, TBP for hTERT RPE-1 cells, and Sdha for NIH/3T3 cells 

(Supplementary Figure 2.4). We also used murine specific Gli1 and Ptch1 primer sets 

for NIH/3T3 cells. Although we tested TBP and PMBS for HEK293T, and used PMBS in 

our experiment, neither was ideal: TBP expression was variable in stimulated cells, and 

PMBS expression varied with stimulation in one out of the three batches 

(Supplementary Figure 2.4).  

In hTERT RPE-1 cells, GLI1 expression was 2.8 to 3.8-fold higher and PTCH1 

expression was 1.7 to 1.9-fold higher with stimulation (Figure 2.3). In contrast, 

stimulation was not associated with marked expression differences in ARPE-19 cells 

(GLI1 0.9 to 1.4-fold, PTCH1 1.0 to 1.1-fold) or HEK293T cells (GLI1 0.5 to 1.7-fold, 

PTCH1 0.3 to 0.7 fold), consistent with the lack of relocalization of SMO and GPR161 

with SAG stimulation. Strikingly, Gli1 expression was 1993 to 3034-fold higher with 

stimulation in NIH/3T3 cells. Similarly, Ptch1 expression was also markedly higher (46 

to 70-fold).  
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Figure 2.3. GLI1 and PTCH1 expression in response to Hh pathway stimulation. A) 
GLI1 and B) PTCH1 target gene induction. Each data point represents the expression 
fold change of stimulated cells from the same batch. Expression fold change was 
normalized to unstimulated values, which were set to 1. Two-tailed Student’s t-test was 
performed. P-values represented significant differences if they ranged from 0.01 to 0.05 
(*), 0.001 to 0.01 (**), and <0.001 (***). 
 
Discussion  

This systematic evaluation of cilium characteristics and Hh signaling in five 

commercially available, immortal, mammalian cell lines revealed that hTERT RPE-1 and 

NIH/3T3 cells are suitable for modeling Hh signaling (Table 2.2). By using the same 

assays in different cell types, we determined differences in response to Hh stimulation. 

Based on our experiments, SH-SY5Y cells were not suitable because of their low 

ciliation rate and very short cilia. ARPE-19 and HEK239T cells localized the Hh pathway 

proteins SMO and GPR161 in response to stimulation; however, they did not upregulate 

the Hh target genes GLI1 and PTCH1. Only hTERT RPE-1 and NIH/3T3 cells ciliated 

well and showed robust responses to stimulation in both sets of assays. Our 
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experiments also demonstrate that Hh pathway stimulation moderately impacts ciliation 

rates and cilium length across all of the cell lines, but not in a consistent manner across 

batches. We observed a range of responses to stimulation, from minimally responsive 

(ARPE-19 and HEK293T), to modestly responsive (hTERT RPE-1) to robustly 

responsive (NIH/3T3) (Table 2.2). It is not clear whether this represents species-specific 

or cell line-specific differences, but it does indicate that results should be validated 

across model systems before they can be considered generalizable.  
 Max 

proportion 
of cells with 

cilia 

Cilium 
length 
(mean) 

SMO and 
GPR161 

response to 
stimulation 

GLI1/PTCH1 
induction 

ARPE-19 65% (72 hr) 3.0µm SMO: ↑2.50-fold 

GPR161: ↓0.25-fold 

GLI1: ND 

PTCH1: ND 

HEK293T 22% (24 hr)1 2.0µm SMO: ↑2.50-fold 

GPR161: ↓0.25-fold 

GLI1: ND 

PTCH1: ND 

hTERT 
RPE-1 

80% (72 hr) 3.1µm SMO: ↑2.50-fold 

GPR161: ↓0.50-fold 

GLI1: ↑3-fold 

PTCH1: ↑2-fold 

NIH/3T3 97% (48 hr) 2.9µm SMO: ↑9.50-fold 

GPR161: ND 

GLI1: ↑3000-fold 

PTCH1: ↑60-fold 

SH-SY5Y 8% (16 hr) 1.3µm   

Table 2.2. Overview of results. We summarized the outcome of our ciliary 
characterization and Hedgehog assays. hTERT RPE-1 cells were the most response 
human-derived cell line and NIH/3T3 cells were the most responsive cell line overall. 
We did not measure SH-SY5Y response to Hedgehog signaling because of low 
proportion of ciliated cells and short cilia.  
1In follow-up experiments, proportion of ciliated cells was increased by allowing cells to 
grow at a higher density.  
 

It is also clear from our experiments that each Hh assay requires optimization for 

each cell line. Prior to assessing Hh response, we had to determine acceptable 

seeding, growth conditions, and fixation. In HEK293T cells, we had to balance the 

upside of higher ciliation rates in confluent cultures with the downside of overlapping 

cells complicating qIF measurements; therefore, low ciliation rates in HEK293T cells 

may have contributed to the low Hh target gene induction.  

For our qIF experiments, we had to identify antibodies that worked across cell 
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lines and were specific to the protein of interest. The limited response to SAG 

stimulation in ARPE-19 and HEK293T cells could be due to difference in expression of 

Hh negative regulators in these cell lines that differ from hTERT RPE-1 and NIH/3T3 

cells, for example SUFU expression which complexes with GLI2/3 and stabilizes the 

activator forms of the proteins.28 Alternatively, these cells might respond to native Hh 

ligand or other agonists, but not SAG. There is prior evidence that hTERT RPE-1 and 

NIH/3T3 cells relocalize SMO and GPR161 and upregulate pathway target genes in 

response to Hh stimulation.22,29,30 ARPE-19 cells have been used to determine Hh 

response to cyclopamine, a down-regulator of the pathway.31 We could not detect 

Gpr161 in NIH/3T3 cells by immunofluorescence, despite the 94% amino acid identity 

between the human and mouse for the antigen used to generate the antibody. This may 

be due to differences between the human and mouse proteins at the key epitopes 

recognized by the polyclonal antibody. Alternatively, Gpr161 expression has been 

demonstrated in other studies using different stimulation time points.32 Future work 

could explore ligand dose-response, and optimal timing for SMO and GPR161 

localization in response to Hh stimulation.  

qPCR also needs to be tailored to each line. We optimized primer sets, template 

concentrations, and amplification parameters. Importantly, expression of the commonly 

used reference gene, GAPDH, differed between unstimulated and stimulated HEK293T 

cells. GAPDH expression responds to serum starvation,33,34 adding to the importance of 

screening reference genes for each cell line. During GLI1 primer optimization, we 

identified high CT values in our cell lines (>30 CT), which introduces variability.35 To 

bring the CT values into a better range, we increased template concentration and added 

a touchdown step in ARPE-19 and HEK293T, lowering the CT values by 3-4 cycles.17 

Unstimulated NIH/3T3 samples also had a CT >30, but the touchdown step did not 

decrease CT values in this cell line, suggesting the GLI1 expression is below the level 

of detection in this cell line and increases substantially with stimulation.  

While we confirmed that hTERT RPE-1 and NIH/3T3 cells are appropriate cell 

lines to model Hh signaling, we have not demonstrated that they recapitulate all aspects 

of Hh signaling across cell types in vivo; therefore, Hh experiments in these cell lines 

should be validated in additional models, ideally in vivo. In addition, we have not fully 
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excluded ARPE-19 and HEK293T cells as potential models, since we did not evaluate 

all aspects of Hh signaling such as dose-response to ligand, time course, and other 

important characteristics. If there were compelling reasons to use these cell lines for 

Hh-related experiments, further characterization might reveal intact Hh responses at 

different timepoints or different agonist concentrations.  

hTERT RPE-1 and NIH/3T3 cells respond consistently to Hh pathway stimulation 

across two standard assays and are genetically tractable. Many of these characteristics 

have been discussed casually at meetings, but this work provides a resource for the 

cilium community. These cell lines provide models originating from two organisms and 

could be used individually or in parallel to study Hh response. hTERT RPE-1 cells are a 

good model system for exploring these mechanistic details at the cellular level, 

therefore, we decided to use them for our experiments generating a library of loss of 

function JS-associated gene mutants, which will be discussed in Chapter 3.  
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Methods 

Cell culture 

Cell lines were obtained from the American Type Cell Collection (ATCC, 

www.atcc.org) and grown in cell specific medium. ARPE-19 (ATCC, CRL-2302) and 

hTERT RPE-1 (ATCC, CRL- 4000) cells were cultured in DMEM/F12 with 10% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin. HEK293T (ATCC, CRL-3216) cells 

were cultured in DMEM with 10% FBS and 1% penicillin-streptomycin. NIH/3T3 (ATCC, 

CRL-1658) cells were cultured in DMEM with 10% bovine calf serum and 1% penicillin-

streptomycin. SH-SY5Y (ATCC, CRL-2266) cells were cultured in 1:1 Eagle’s Minimum 

Essential Medium:F12 with 10% FBS and 1% penicillin-streptomycin. 0.05% trypsin was 

used for all cell dissociation.  

Time course assay 

For each set of experiments, cells were seeded on pairs of coverslips coated with 

0.3mg/mL poly-D-lysine and allowed to grow for 2-3 days, until they reached 60-80% 

confluency. We define batches as cells that were grown, treated, and collected at the 

same time. After reaching the desired confluency, we serum starved the first pair of 

coverslips that would be starved for the longest time point (96- or 72-hours). Serum 

starvation included removing the complete growth medium, rinsing with PBS, and 

adding serum free medium. This step was repeated for each time point, with all 

coverslips from the same cell line and batch collected at the end of the time course (0-

hour serum starvation). We placed the plates holding the coverslips on ice for 10 

minutes, then fixed coverslips using 4% paraformaldehyde for 5 minutes followed by 

permeabilization using cold methanol for 3 minutes and stored in PBS at 4°C until ready 

to stain. We only stained one coverslip from the pair, leaving the replicate available as a 

backup. 

For HEK293T cells, we incubated the 0.3 mg/mL poly-D-lysine coated coverslips 

with 0.05% gelatin for 15-20 minutes prior to seeding cells to promote adhesion since 

this cell line is semi-adherent. Otherwise, we followed the same seeding and fixation 

method described above. 

 All plots were generated using Plots of Data and Super Plots of Data.13,14 

http://www.atcc.org/
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Hedgehog pathway protein  

Cells in the same batch were seeded on pairs of coverslips and allowed to 

expand until they reached 60-80% confluency, as above. Cells were serum starved for a 

total of 48 hours. After the initial 24 hours of serum starvation, we replaced the media 

on half of the coverslips with serum free medium + 1μM Smoothened Agonist (SAG) 

(Millipore, 566661). We placed the plates holding the coverslips on ice for 10 minutes, 

then fixed coverslips using 4% paraformaldehyde for 5 minutes followed by 

permeabilization using cold methanol for 3 minutes and stored in PBS at 4°C until ready 

to stain. We only stained one coverslip from the pair, leaving the replicate available as a 

backup. 

Quantitative immunofluorescence  
We blocked coverslips in 2% bovine albumin serum (BSA) in phosphate buffered 

solution (PBS) for 20 minutes at room temperature. Time course assay coverslips were 

incubated with mouse anti-acetylated α-tubulin (1:2000, Sigma Aldrich, T6793) and 

rabbit anti-ARL13B (1:800, Proteintech, 17711-1-AP) antibodies diluted in blocking 

buffer. Hedgehog pathway protein localization coverslips were incubated with either 1) 

mouse anti-SMO (1:50, Santa Cruz Biotechnology, sc-166685) and rabbit anti-ARL13B 

(1:800, Proteintech, 17711-1-AP) antibodies or 2) mouse anti-ARL13B (1:200, 

NeuroMab, 75-287) and rabbit anti-GPR161 (1:200, Proteintech, 13398-1-AP) 

antibodies diluted in blocking buffer. Coverslips were incubated with primary antibodies 

for 1 hour at room temperature or at 4°C overnight, then washed in PBS for 5 minutes, 

three times. Coverslips were incubated with the following secondary antibodies at 1:400 

dilution for 1 hour at room temperature: Goat anti-Rabbit IgG, Alexa Fluor 488 (Thermo 

Fisher Scientific #A11008) and Donkey anti-Mouse IgG, Alexa Fluor 568 (Thermo 

Fisher Scientific, #A10037). After incubation, we washed coverslips in PBS for 5 

minutes, three times. Coverslips were mounted on slides using a Fluoromount with 

DAPI (Invitrogen, #00-4959-52), then sealed with nail polish after sitting for at least 1 

hour.  

We quantified ciliary protein localization using a validated protocol previously 

established in the laboratory.15 We imaged coverslips using the same microscopy settings to 

acquire z-stack images for >20 cells with cilia for each condition and batch using 
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identical microscope settings. We converted z-stack images to sum-projections and 

randomized these images using the FIJI16 script, Filename_randomizer 

(https://imagej.nih.gov/ij/macros/Filename_Randomizer.txt) to minimize bias between 

cell lines and conditions. Prior to data collection, we checked a subset of images to ensure 

that the cilium marker (ARL13B) and protein of interest (SMO or GPR161) signals were 

adequate for measurement. Blinded to the condition, we drew a cilium mask in the cilium marker 

channel (ARL13B) using summed Z-stack images in ImageJ. We used this mask to measure 

the signal intensity for the protein of interest and measured the signal intensity of an 

adjacent region to subtract background signal. Normalized fluorescence intensity was 

calculated using the following formula:  
(𝑈𝑈𝑈𝑈)𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)
𝑥̅𝑥 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

 

Finally, we unblinded the data and visually inspected the images to ensure that our 

qualitative assessment of ciliary signal was consistent with the quantitative data. We also used 

the same data set to determine proportion of cells with cilia and cilium length in baseline and 

stimulated cells. 

GLI1 and PTCH1 qPCR 
Cells were grown in pairs of T-75 cell culture flasks until 60-80% confluent, then 

starved for a total of 48 hours. After the initial 24 hours, half the flasks had their media 

replaced with serum free medium + 1µM SAG. We dissociated the cells and extracted 

RNA using the Aurum Total RNA mini kit (Biorad, 7326820). We measured RNA 

concentration using a spectrophotometer and only included RNA that had an A260/280 

>1.8. cDNA was generated using the BioRad iScript cDNA Synthesis kit. We set up 

qPCR reactions using the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, 

#A25741). For cell lines that required the touchdown qPCR protocol, we followed the 

protocol outlined in Zhang et al.17 Briefly, the touchdown qPCR protocol went as follows: 

50C (2 min), 95C (2 min), 4x [95C (20 sec), 65C (10 sec, decrease 3C/cycle, 72C (1 

min)], 40x [95C (15 sec), 55C (15 sec), 72C (1 min)], ending with a melt temperature 

curve. qPCR data acquisition was performed on the Bio-Rad CFX96 Touch Real-Time 

PCR Detection System.  

 

 

https://imagej.nih.gov/ij/macros/Filename_Randomizer.txt
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Human GLI1 primers  
Forward 5’-GATGACCCCACCACCAATCAGTAG-3’  
Reverse 5’-AGACAGTCCTTCTGTCCCCACA-3’ 
Human PTCH1 primers 
Forward 5’-GAGCACTTCAAGGGGTACGA-3’  
Reverse 5’-GGAAAGCACCTTTTGAGTGG-3’  
Mouse Gli1 primers  
Forward 5’-CCGACGGAGGTCTCTTTGTC-3’  
Reverse 5’-GCGTCTCAGGGAAGGATGAG-3’ 
Human Ptch1 primers 
Forward 5’-GAGCAGATTTCCAAGGGGAAG -3’  
Reverse 5’-CCACAACCAAAAACTTGCCG -3’  
 

Reference gene identification 

To ensure robust data acquisition, we identified an ideal reference gene for each 

cell line. We identified 10 human candidate reference genes and 9 mouse candidate 

reference genes (Methods Table 2.1) to evaluate expression stability between baseline 

and stimulated cDNA. To select a reference gene, we evaluated the cycle threshold 

(CT) of three starting primer concentrations, and cDNA dilution curve efficiency.18 

In our initial screen, we were looking for 1) small ΔCT between unstimulated and 

stimulated within each cell line, indicating unchanged expression level between 

experimental conditions, and 2) a CT between 20-30 cycles so that expression levels 

were similar to GLI1 and PTCH expression. We optimized primer concentration by 

diluting forward and reverse primers sets to three concentrations, 3µM, 5µM, and 7µM. 

Next, we determined primer efficiency by performing a cDNA dilution series. We 

followed widely accepted primer efficiency standards, which includes an efficiency of 

80-120% and R2≥ 0.99. 

During assay validation, we determined that GLI1 in ARPE-19, HEK293T, and 

NIH/3T3 cells amplified at >29 cycles, close to the limit of reliable detection; therefore, 

we performed a modified qPCR assay in these cell lines, which included a touchdown 

step prior to the 40-cycle amplification. This lowered the detection level by 3 cycles in 

ARPE-19 and HEK293T cells. In NIH/3T3 cells, we did not see a difference in 

unstimulated cycle values and only saw a difference of 1 cycle in stimulated cells.  
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Gene symbol Gene name Forward and Reverse Primer 

ACTB Actin Beta 5’-GAGCACAGAGCCTCGCCTTT-3’ 

5’-TCATCATCCATGGTGAGCTGG-3’ 

GAPDH Glyceraldehyde 3-phosphate 

dehydrogenase  

5’-AGGTGAAGGTCGGAGTCAAC-3’ 

5’-TTCACACCCATGACGAACAT-3’ 

IPO8 Importin 8 5’-TGCAGTCCGGCCTACTGTTC-3’ 

5’-TGTAGGACTGGTTGAGCTCGTTC-3’ 

PUM1 Pumillio RNA Binding Family Member  5’-AAGGACAGCAGCAGGTTCTC-3’ 

5’-CCTTGTCCAAATGCAAGGGC-3’ 

RPLP0 Ribosomal Protein Lateral Stalk 

Subunit P0 

5’-CGTCCTCGTGGAAGTGACAT-3’ 

5’-TAGTTGGACTTCCAGGTCGC-3’ 

SDHA Succinate dehydrogenase complex 

flavoprotein subunit A 

5’-GCATTTGGCCTTTCTGAGGC-3’ 

5’-TTGATTCCTCCCTGTGCTGC-3’ 

TBP TATA Binding Protein 5’-GTGACCCAGCATCACTGTTTC-3’ 

5’-AGAGCATCTCCAGCACACTC-3’ 

UBC Ubiquitin C 5’-CCGGGATTTGGGTCGCAG-3’ 

5’-TCACGAAGATCTGCATTGTCAAG-3’ 

YWHAZ Tryosine 3-Monooygenase.Tryptophan 

5-Monooygenase Activation Protein 

Zeta 

5’-GACACAGAACATCCAGTCATGG-3’ 

5’-TCATATCGCTCAGCCTGCTC-3’ 

18S19 18S rRNA 5’-AGAAACGGCTACCACATCCA-3’ 

5’-CACCAGACTTGCCCTCCA-3’ 

Actb Actin Beta 5’-TAGGCACCAGGGTGTGATG-3’ 

5’-TCTCCATGTCGTCCCAGTTG-3’ 

Gapdh Glyceraldehyde 3-phosphate 

dehydrogenase 

5’-AATGTGTCCGTCGTGGATCT-3’ 

5’-ATACGGCTACAGCAACAGGG-3’ 

Ipo8 Importin 8 5’-ACAAGCTCTGCTGACTGTGC-3’ 

5’-CAGTGTCCTTCGGTGCTCTG-3’ 

Pum1 Pumillio RNA Binding Family Member 5’-GAAAGGTAAGGGGGAGCGAG-3’ 

5’-CTCATTCCACCAACACGGGC-3’ 

Rplp0 Ribosomal Protein Lateral Stalk 

Subunit P0 

5’-TCCTCGTTGGAGTGACATCG-3’ 

5’-AGTTGGACTTCCAGGTCGC-3’ 

Sdha Succinate dehydrogenase complex 

flavoprotein subunit A 

5’-ACTGTTATTGCTACTGGGGGC-3’ 

5’-CCCTAGTGACCATGGCTGTG-3’ 

Tbp TATA Binding Protein 5’-GGTATCTGCTGGCGGTTTGG-3’ 

5’-GAAATAGTGATGCTGGGCACTG-3’ 

Ubc Ubiquitin C 5’-CCCACACAAAGCCCCTCAAT-3’ 

5’-AAGATCTGCATCGTCTCTCTCACG-3’ 

Ywhaz Tryosine 3-Monooygenase.Tryptophan 

5-Monooygenase Activation Protein 

Zeta 

5’-GGTATCTGCTGGCGGTTTGG-3’ 

5’-GAAATAGTGATGCTGGGCACTG-3’ 

Methods table 2.1. Candidate qPCR reference gene names and primer sequences. 
We included 10 candidate reference genes for human-derived cell lines and 9 candidate 
gene reference genes for the NIH/3T3 murine-derived cell line.  
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Statistical analysis 

  An unpaired two-tailed Student’s t-test was performed for comparison between 

unstimulated and stimulated cells with a hypothesized mean difference of 0. α level was 

set at 0.05. P < 0.05 was significant. Symbols for significance represent p-values from 

0.01 to 0.05 (*), 0.001 to 0.01 (**), and <0.001 (***). 
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Supplementary Figures  
 

 

Supplementary Figure 2.1. Extended SH-SY5Y ciliation time course. Proportion of 
ciliated cells for SH-SY5Y cells from 0-144 hours. One coverslip was imaged for each 
timepoint, with number of cells counted at each time point listed below each column in 
the graph.  
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Supplementary Figure 2.2. HEK293T ciliation data. A) Proportion of ciliated 
HEK293T cells at 0, 24, 48, and 72 hours post serum starvation from additional thaws. 
B) Representative images of monolayer areas of HEK293T cell growth from Figure 1 
(top row) and repeat experiments with additional thaws of HEK293T cells. Cilia were 
stained with anti-ARL13B antibody. C) Representative images displaying ciliation in 
areas with multi-layer growth from additional thaws of HEK293T cells. Cilia were stained 
with anti-ARL13B antibody. Scale bars are 10μm.  
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Supplementary Figure 2.3. GPR161 and SMO localization. Representative images 
from each batch showing variation in A) SMO and B) GPR161 localization. C) 
Normalized fluorescence intensity (arbitrary units, au) of GPR161 with and without 
stimulation in an additional passage of hTERT RPE-1 cells. Black bars = median 
normalized fluorescence intensity. Small symbol = normalized fluorescence intensity of 
one cilium. Numbers of cilia measured are listed below each column in the graph. 
Representative cilia are shown next to the graphs for unstimulated (-SAG) and 
stimulated (+SAG) cells. Scale bars are 5μm. T-test of equal variances was performed. 
p-values: * 0.01 to 0.05, ** 0.001 to 0.01, and *** <0.001.  
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Supplementary Figure 2.4. Variable GLI1, PTCH1, and reference gene expression 
in response to Hh pathway stimulation. GLI1, PTCH1, and reference gene CT (cycle 
threshold) for ARPE-19, HEK293T, hTERT RPE-1, and NIH/3T3 cell lines with and 
without stimulation. For cell lines with high CT values (>29), we used a touchdown 
qPCR method. For each condition (with or without stimulation), we collected mRNA 
from three batches for each cell line. Normalized GLI1 and PTCH1 expression for each 
qPCR condition is on the far right. Each symbol in the left panels represents the 
average CT from three technical replicates for each batch. Each symbol in the right 
panels represents the expression fold change for each batch.   
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Introduction 
Joubert syndrome (JS) is a largely recessive, neurodevelopmental condition 

characterized by a distinctive hindbrain malformation visualized as the molar tooth sign 

(MTS) on axial brain imaging.1,2 All individuals with JS have the MTS, developmental 

delays, and hypotonia/ataxia, while subsets of individuals have variable features 

including abnormal eye movements, dysregulated breathing, retinal dystrophy, cystic 

kidney disease, liver fibrosis, and/or polydactyly.3 Since the identification of the first JS-

associated gene in 2004, more than 40 genes have been associated with the condition. 

All proteins localize in and around the primary cilium, an organelle that transduces light, 

mechanical, and chemical signals in cells. Thus, JS belongs to a group of conditions 

that all result from dysfunction of the primary cilium, called ciliopathies. While JS shares 

some features with other ciliopathies, the MTS is unique to JS and is required for the 

diagnosis.  

One crucial developmental pathway mediated by primary cilia is Hedgehog 

signaling (Hh).4 In vertebrates, canonical Hh signaling occurs through the coordinated 

movement of receptors and effectors into and out of the primary cilium (reviewed in 5). 

In the absence of Hh ligand, the pathway receptor Patched (PTCH) localizes to the 

primary cilium, impeding Smoothened (SMO) localization by limiting accessible 

cholesterol at the ciliary membrane.6 In parallel, ciliary GPR161, an orphan G protein-

coupled receptor negatively regulates the pathway by generating ciliary cyclic AMP 

(cAMP). Increased cAMP levels facilitate PKA-mediated proteolytic cleavage of the 

GLI3 transcription factors into repressor forms.7 GLI2/3 complexes with two JS-

associated proteins (SUFU and KIF7) at the ciliary tip, functionally linking GLI2/3 to JS.  

With pathway stimulation, Hh ligand binds PTCH, and both PTCH and GPR161 

leave the cilium. Hh binding promotes an increase in ciliary Ca2+, which decreases 

ciliary cAMP and PKA activity, reducing proteolytic cleavage of GLI2/3, shifting the 

balance to activator forms.8,9 In concert, KIF7, SUFU, and GLI2/3 increase their 

localization to the ciliary tip, and uncleaved GLI2/3 activator forms translocate to the 

nucleus and upregulates transcriptional targets including GLI1 and PTCH1.10–13  

Perturbed Hh signaling has been described in models of >50% JS-associated 

genes.14–18 Localization of Hh pathway proteins (e.g. SMO, GPR161, GLI2/3), GLI 
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transcription factor processing, and target gene expression have been measured in 

various model systems, cell types, and organisms. Developmental defects in the dorsal-

ventral axis of the neural tube are often associated with abnormal Hh signaling in animal 

models, and distal limb patterning defects occur in a subset of individuals with JS.19–23 

While substantial evidence suggests that perturbed Hh signaling contributes to the 

mechanism(s) underlying JS, the evidence is scattered across organisms, cell types, 

and assays, making it difficult to determine whether aberrant Hh signaling is an obligate 

feature of JS, and if so, which aspects of Hh signaling are defective.  

Based on the downstream manifestation of the MTS, we hypothesized that Hh 

signaling is aberrant across genetic causes of JS at the same step of the Hh pathway. 

During development, Hh signaling helps control axon guidance, and disrupted axon 

guidance attributes in part to the formation of the MTS.24–26 To test our hypothesis, we 

decided to evaluate Hh signaling response using the same set of assays (localization of 

SMO and target gene expression) in a single model system (hTERT RPE-1, hTERT 

RPE-1 immortalized retinal pigment epithelial cells). In contrast to previously published 

in-depth examinations of one or two genes, our experiments provide a broad view of Hh 

response across 9 genetic causes of JS. 

Results 

Genome engineering and cell line validation 
As described in Chapter 2, we selected hTERT RPE-1 cells for modeling JS 

based on their desirable ciliary characteristics and response to Hh signaling. These 

cells robustly ciliate, are genetically tractable, and respond to Hh pathway stimulation by 

relocalizing Hh pathway proteins and upregulating Hh target genes. To generate our 

library of mutants, we targeted a subset of JS-associated genes: 1) previously 

implicated in the Hh pathway, 2) commonly mutated in JS, 3) encoding proteins that 

localize to each of the major ciliary sub compartments (ciliary tip, cilium proper, 

transition zone, and basal body). We also included a non-JS ciliopathy gene, BBS1, to 

help determine whether any observed Hh signaling defects are JS-specific or a more 

common feature across ciliopathies.  

We attempted to generate mutants for 13 JS genes using Sanger sequencing to 

identify genomic changes at targeted sites. We identified ≥3 mutants with unique events 
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for 9 of the 13 genes. We evaluated each line for the impact of the mutations on the 

protein by immunofluorescence staining and/or western blots when a working antibody 

was available, and on the transcript by qPCR if an antibody was not available. We also 

evaluated for off-target CRISPR-Cas9 events by Sanger sequencing the top two 

predicted cut sites in coding regions (Table 3.1). 

Gene name 

# of 

candidate 

lines with 

unique 

mutations 

Off target 

Sanger 

sequencing 

IF WB qPCR 

ARL13B 7 Yes Yes Yes No 

ARMC9 3 Yes No No Yes 

CC2D2A 5 Yes Yes Yes No 

CPLANE1 7 Yes No No Yes 

CSPP1 5 Yes Yes Yes No 

INPP5E 3 Yes Yes Yes No 

KIF7 7 Yes Yes Yes No 

TMEM67 3 Yes Yes Yes No 

TOGARAM1 7 Yes No No Yes 

BBS1 3 Yes No No Yes 

Table 3.1. Validation experiments of candidate JS mutant cell lines. Assays used to 
validate hTERT RPE-1 mutant cell lines. Yes = assay was performed on mutant 
candidates, No = assay was not performed on mutant candidates. IF = 
immunofluorescence, WB = western blot  
 

When ≥3 candidate mutant lines were generated for a gene (ARL13B, CC2D2A, 

CPLANE1, CSPP1, KIF7, TMEM67, and TOGARAM1), we used the validation data to 

select the best mutant lines for our experiments. In this case, we selected the mutants 

without detectable signal of immunofluorescence for the targeted protein and the lowest 

protein expression by western. We also prioritized cell lines that ciliated well and had 

normal cellular morphology, i.e. normal cell shape. We kept all candidate mutant cell 

lines which provides an opportunity to take a deeper dive into specific genes that had >3 

mutants in the future. When only 3 mutant lines were generated within a gene (ARMC9, 



 

54 
 

INPP5E, BBS1, TMEM67) we ensured that protein localization or expression was 

disrupted, and cellular morphology was normal. In genes where only qPCR was used as 

validation (ARMC9, BBS1, CPLANE1, and TOGARAM1), we selected cell lines that had 

the lowest expression of the targeted gene from the candidates, presumably due to 

nonsense-mediated decay of transcripts with premature stop codons.  

We included two groups of controls in our experiments: 1) the heterogenous 

hTERT RPE-1 parent populations that were used to generate the single-cell expanded 

mutants (WT), and 2) single-cell expanded controls (SC) that went through the same 

sorting and transfection process as the mutant lines except for leaving out the gRNA or 

including a non-targeting gRNA. Using the library of JS-gene mutants, we evaluated 

ciliary characteristics (proportion of cells with cilia and cilium length) and Hh pathway 

outputs (SMO localization and target gene induction) with and without pathway 

stimulation. 

Proportion of cells with cilia  
Differences in proportion of ciliated cells have been described in JS-associated 

models, and this characteristic should influence Hh signaling assays performed on cell 

populations; therefore, we determined ciliation rates for all of the lines with and without 

Hh pathway stimulation with Smoothened Agonist (SAG) (Figure 3.1A).27,28 We used an 

anti-ARL13B antibody to mark cilia, except in ARL13B mutant lines, for which we used 

anti-detyrosinated tubulin antibody. Differences in ciliation with SAG stimulation was 

variable in control cell lines, some having higher, lower, or similar proportions of cells 

with cilia with and without stimulation. The proportion of cells with cilia in control lines 

was 58-88% (SD ±9.4%) for cilia measured with anti-ARL13B antibody and 36-92% (SD 

±17.5%) for cilia measured with anti-detyrosinated tubulin antibody. Our preliminary 

immunofluorescence staining with anti-detyrosinated tubulin and anti-ARL13B 

suggested all cilia would be stained in controls, but the proportion of cells with cilia was 

different between the two stains in these experiments. To determine whether 

detyrosinated tubulin stains all cilia or only a fraction, we will go back and count the 

number of cilia in each channel (detyrosinated tubulin and ARL13B). 
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Figure 3.1. Proportion of ciliated cells and cilium length. (A and B) Proportion of 
ciliated cells in unstimulated and stimulated controls and JS mutants. The data set was 
generated using SMO localization experiments. Cilia were stained with (A) anti-ARL13B 
or (B) anti-detyrosinated tubulin. (C and D) Cilium length of unstimulated and stimulated 
control and JS mutants. Data set was generated using SMO localization experiments. 
Cilia were stained with (C) anti-ARL13B or (D) anti-detyrosinated tubulin. Upper and 
lower limits of control data are outlined by small dashes (unstimulated) or large dashes 
(stimulated). Circle color corresponds to experimental batch. In controls, shades of 
green and blue correspond to the same experimental batch. Large dots represent the 
median of each cell line, while small dots represent individual data points. Median 
length and total cilia measured are listed below each column.  
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In control lines, the proportion of ciliated cells increased in 4 lines, decreased in 

1, and were similar between the two conditions in 2 cell lines. In ARL13B, INPP5E, 

KIF7, and TOG1 mutants, cells had higher proportions of ciliated cells with pathway 

stimulation compared to unstimulated cells. In ARMC9, CC2D2A, CSPP1, and TMEM67 

mutants, a majority of mutants had lower proportions of ciliated cells with stimulation 

compared to unstimulated cells. Two BBS1 mutants had lower ciliation in stimulated 

cells compared to stimulated cells, while once mutant had higher ciliation rates in 

stimulated cells.  

Next, we compared proportions of ciliated cells between mutants and controls. In 

the mutant cell lines for the one cilium tip gene, KIF7, proportion of ciliated cells was 

similar to controls at baseline and increased above the level of control with stimulation. 

Mutants for cilium proper genes, CSPP1 and INPP5E, had similar proportions of ciliated 

cells compared to controls with and without stimulation, except for one INPP5E mutant 

that had a lower proportion of cells with cilia. To determine whether this outlier is a 

result of technical error or is a unique characteristic of this cell line, we can repeat the 

experiment using the three INPP5E cell lines. ARL13B mutants had a lower proportion 

of cells with cilia, ranging from 17-46% (SD ±11.7%). In transition zone mutants, the 

proportion of ciliated cells was lower than control: CC2D2A mutants ciliated between 

22-54% (SD ±11.7%), CPLANE1 mutants ciliated between 0-2% (SD ±0.77%), and 

TMEM67 mutants ciliated between 1-54% (SD ±23.1%). The low proportion of ciliated 

cells in all CPLANE1 and 2 of 3 TMEM67 mutants would generate small data sets, 

therefore, we did not measure SMO localization in these lines. Proportion of cells with 

cilia in basal body mutants were similar to controls. BBS1 mutant cell lines ciliated 

within the normal range (61-85%, SD ±9.1%).   

Cilium length 
We next determined whether disrupted JS-gene function affected cilium length 

with and without Hh stimulation (Figure 3.1C, D). Cilium lengths did not differ in controls 

with the different cilium markers: 2.5-3.1µm (SD ±0.85μm) with anti-ARL13B antibody 

and 2.2- 3.4µm (SD ±0.84μm) with anti-detyrosinated tubulin antibody. Hh pathway 

stimulation did not uniformly affect ciliary length in the mutant lines. CSPP1 (1.4 – 

1.7μm, SD ±0.5μm) and ARMC9 (1.4 – 1.9μm, SD ±0.6μm) cilia were shorter than 
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controls. INPP5E (2.1 – 2.8μm, SD ±0.9μm), TOG1 (1.7 – 2.8μm, SD ±0.9μm), and 

ARL13B (1.8 – 2.8μm, SD ±1.1μm) mutants had similar lengths to controls but fell on 

the shorter end of control ciliary length. In KIF7 (2.4 – 3.6μm, SD ±1.1μm) and CC2D2A 

mutants (2.5 – 2.8μm, SD ±1.4μm) mutants, ciliary lengths varied from falling within 

control range to being longer than controls. BBS1 mutants had ciliary lengths similar to 

controls (2.5 – 3.2µm, SD ±0.9μm). 

 

Figure 3.2. SMO localization with and without Hh pathway stimulation. Normalized 
fluorescence intensity of cells stained with SMO and (A) anti-ARL13B or (B) anti-
detyrosinated tubulin. Upper and lower limits of control data are outlined by small 
dashes (unstimulated) and large dashes (stimulated). Circle color corresponds to 
experimental batch. The ratio and total number of cilia measured are listed below each 
column. Large dots represent the median value of each cell line, while small dots 
represent individual data points. Ratios were calculated by dividing median normalized 
fluorescence intensity of stimulated cells over median normalized fluorescence intensity 
of baseline cells in each batch.  
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SMO localization  
Hh pathway proteins change their localization in response to pathway 

stimulation. SMO is the predominant pathway activator that is mostly excluded from cilia 

at without stimulated and localizes to cilia with pathway stimulation. At baseline, median 

normalized SMO fluorescence intensity was similar in controls (0.3 – 1.2 arbitrary units 

(au)) and mutants (0.3 – 1.5 au) (Supplementary Figure 3.1A). KIF7 and BBS1 mutants 

had significantly different SMO localization at baseline compared to controls. With 

stimulation, median normalized fluorescence intensity in controls was substantially 

higher (2.2 – 3.4 au, SD ±3.14 au) (Figure 3.2A). SMO localized to cilia with stimulation 

in mutant lines for 2 of the 7 JS genes (CSPP1 and ARMC9), and only 5 of 18 mutant 

lines had stimulated ciliary SMO levels at or above the range seen in controls 

(Supplementary Figure 3.1B). With stimulation, KIF7, ARL13B, INPP5E, CC2D2A, and 

TOG1 had significantly different SMO normalized fluorescence intensity compared to 

single cell controls. In BBS1 mutant lines, SMO localization was variable in response to 

SAG. 

For each cell line, we calculated the ratio of SMO fluorescence intensity with and 

without stimulation, as an indicator of the dynamic range of the pathway response. In 

control lines, SAG treatment was associated with 1.9 to 8.2-fold higher ciliary SMO. 

Again, the different mutants showed different responses; some had responses outside 

the range of controls: KIF7 (1.3 – 2.0-fold), INPP5E (0.6 – 2.0-fold), and CC2D2A (0.7 – 

2.0-fold), while others responded within the range of controls: CSPP1 (0.6 – 4.9-fold), 

ARMC9 (1.6 – 7.5-fold), and TOGARAM1 (1.8 – 2.8-fold). BBS1 mutants responded 

similarly to controls with 1.0 – 3.6-fold induction.   

In the separate experiment for ARL13B mutants using the anti-detyrosinated 

tubulin antibody as a ciliary marker, baseline median normalized fluorescence intensity 

for ARL13B mutants (0.6 – 0.9 au, SD±1.0 au) overlapped with controls (0.4 – 1.7 au, 

SD ±1.4 au). Similarly, with pathway stimulation SMO fluorescence intensity overlapped 

between ARL13B mutants (0.8 – 3.5 au, SD ±2.6 au) and controls (1.9 – 3.9 au, SD 

±2.3 au). One control line in the ARL13B data set did not respond to pathway 

stimulation. Based on the normal SMO response for this line in other experiments, we 

suspect that an unknown technical error occurred such as not adding SAG. We again 
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calculated the stimulated/unstimulated ratios for control and ARL13B mutant cells. Here, 

control ratios ranged from 2.4 – 9.1-fold, excluding the non-responsive control. In 

ARL13B mutants, ratios ranged from 1.4 – 4.0-fold.  

Hh pathway target gene induction  
 

 
Figure 3.3. PTCH1 and GLI1 expression with and without stimulation. Expression 
of (A) PTCH1 and (B) GLI1 in unstimulated and stimulated cells. Upper and lower limits 
of control data are outlined by small dashes (unstimulated) and large dashes 
(stimulated). Circle color corresponds to experimental batch. In controls, shares of 
green and blue correspond to the same experimental batch.  
 

In multiple systems, Hh pathway activation leads to upregulation of target genes, 

including GLI1 and PTCH1.12,13,29 Here, we measured expression levels in unstimulated 

and stimulated cells using RNA-seq, which we will use for future experimental questions 
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and hypothesis generation, but currently used to determine expression of the most well 

studied Hh pathway target genes, PTCH1 and GLI1. 

Without stimulation, KIF7, CC2D2A, TMEM67, and ARMC9 mutants had 

significantly higher PTCH1 expression compared to single cell controls, while ARL13B, 

CSPP1, INPP5E, CPLANE1, and TOG1 mutants had PTCH1 expression levels similar 

to controls (Figure 3.3). Within each gene, we compared expression of stimulated and 

unstimulated cells (Supplementary Figure 3.2). KIF7 was the only mutant line that had a 

significant increase in expression between unstimulated and stimulated cells, while 

other lines exhibited a blunted response. BBS1 did not significantly upregulate PTCH1. 

In WT and SC control lines, there was an overlap in the range of expression between 

unstimulated and stimulated cells. This made it difficult to distinguish whether the 

blunted response in mutants was biologically relevant. 

We also measured expression of pathway target gene GLI1. At baseline, KIF7 

and TOG1 mutants had significantly higher PTCH1 expression compared to controls, 

while all other mutants had similar PTCH1 expression compared to controls. With 

stimulation, INPP5E, ARMC9, and TOGARAM1 mutants similar PTCH1 expression 

levels to controls. In contrast, KIF7, ARL13B, CSPP1, CC2D2A, CPLANE1, and 

TMEM67 had significantly lower PTCH1 expressions compared to controls. When we 

compared unstimulated and stimulated expression within each gene, KIF7, CSPP1, 

INPP5E, CC2D2A, ARMC9, and TOG1 significantly upregulated GLI1 expression, while 

ARL13B, CPLANE1, and TMEM67 did not significantly upregulate GLI1 expression. 

Correlation across assays  
We would predict that mutants with low numbers of cilia would have dampened 

Hh response, since primary cilia mediate the signaling pathway.4,27–30 In mutants with 

the lowest proportions of ciliated cells, CPLANE1 and TMEM67, the ratio of GLI1 

expression was blunted across mutants (Figure 3.3). In cell lines with proportions of 

ciliated cells lower than controls, ARL13B and CC2D2A, we also observed a blunted 

response in SMO localization and GLI1 expression, with blunted GLI1 expression 

having a similar response as mutant lines with little or no cilia. Finally, in cell lines with 

proportions of ciliated cells that were similar to controls, CSPP1, ARMC9, and 

TOGARAM1, the SMO localization and GLI1 expression ratios more comparable to 
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controls, except in INPP5E, which had a more significantly blunted response. Unlike 

proportion of ciliated cells, cilium length did not appear to greatly affect response to Hh 

signaling.  

 Next, we looked at correlation between our two Hedgehog assays, as we predict 

early aberrant steps in the signaling cascade would affect downstream signaling 

transduction. We used the ratios to make these comparisons. There were instances 

where ratios of normalized SMO fluorescence were perturbed, while GLI1 expression 

ratios were not. This includes KIF7 blue batch, CSPP1 green batch, INPP5E green 

batch, and CC2D2A green batch. Since several of these occurrences were from 

replicates in the green batch, we will have to determine whether this was caused by a 

batch effect.  

We also observed outliers in our experiments. In ARL13B mutants, the yellow replicate 

(Figure 3.2A) relocalized SMO similar to controls, while PTCH1 and GLI1 expression in 

that replicate was blunted compared to controls. In SMO experiments, the CSPP1 green 

replicate had blunted SMO localization, therefore, we expected a lack of PTCH1 and 

GLI1 upregulation compared to the other replicates. Instead, we see similar 

upregulation compared to the other two CSPP1 mutants. In ARMC9, TOG1, and BBS1 

mutants, the yellow replicate in stimulated cells has a higher SMO normalized 

fluorescence intensity than the other replicates. We will need to perform technical 

replicates with these mutants to determine whether there were technical errors in the 

experiment or if these results are replicable. 

Discussion  
We hypothesized that JS-associated gene dysfunction would result in disruption 

of Hh signaling at the same step across genetic causes of JS and that this represents a 

unifying mechanism underlying the condition. Proportion of cells with cilia and cilium 

length varied across JS gene mutants, making defects in these cellular characteristics 

unlikely to be involved in a unifying mechanism. We then looked at response to Hh 

pathway stimulation using assays of SMO localization and target gene induction. Many 

mutants showed evidence of decreased Hh signaling, including ARL13B, CSPP1, 

INPP5E, CC2D2A, CPLANE1, and TMEM67, while data from other samples was 

variable, including KIF7, ARMC9, and TOGARAM1 (Table 3.1). That said, the data from 
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these two assays did not clearly identify a shared perturbation across genetic causes of 

JS, but the data do not entirely exclude a Hh signaling defect as a unifying mechanism 

underlying the condition. 

Interpreting our results in the context of published studies using other models 

and other assays is complex, because some results are concordant and others are 

discordant (Table 3.2).  

 

 
Table 3.1. Summary of SMO localization and target gene induction. Arrows indicate 
whether a replicate had a value higher or lower than controls. CPLANE1 and TMEM67 
mutants had a low proportion of cilia, so we wer unable to accurately determine SMO 
localization. The order of arrows corresponds to batch 1, batch 2, and batch 3 for each 
experiment.  
 
Ciliary tip 

The ciliary tip localizes key Hh pathway proteins (SMO, KIF7, GLI2/3). KIF7 plays 

a role in Hh signaling, specifically regulating GLI transcription factors by maintaining 

them in their repressor form at baseline, and increasing localization of the activator 

forms to the ciliary tip with pathway stimulation.10,34–36 KIF7 knockout and knockdown 

mouse embryonic fibroblasts have reported normal SMO localization,10,34 low or normal 

GLI1, and normal or high PTCH1 expression levels.21,34,35,37,38 This is one example of 

mixed results across studies in the literature. The published SMO localization was 

performed in mouse embryonic fibroblasts (MEF), while the GLI1 expression 

experiments were performed in MEFs, keratinocytes, and patient-derived cells. The 

varying results and model systems make it difficult to interpret what is relevant to the 

human condition. The advantage of our experimental design was performing the 
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experiments in parallel, in the same system, and using the same assays. This limits 

variation based on different model systems.  

 

Human 
gene 

Protein localization Gene expression 

SM
O

 

G
LI2 

G
LI3 

G
PR

161 

G
LI1 

PTC
H

 

SH
H

 

KIF7- 
KO/null 23,26–

32 
NL AB AB  AB NL AB  

KIF7- KD 
10,21,29,33–38 NL AB NL AB NL  NL AB NL  

ARL13B - 
KO/null 
24,39,40,40–45 

AB NL NL AB AB AB NL AB AB 

ARL13B – 
KD 24,42,46 

AB 
NL NL AB  AB AB NL  

CSPP1 47,48 AB    AB   
INPP5E- 
KO/null 49–52 AB NL AB AB AB AB AB  

CC2D2A 53–

55 AB       

CPLANE1 38     AB AB  
TMEM67- 
KO/null 54,56 NL      AB 

TMEM67- 
KD 57     NL NL  

ARMC9 58 NL AB AB     
TOGARAM1 
19 AB       

  NL = normal, AB = abnormal, KO = knockout, KD = knockdown 

Table 3.2. Summary of protein localization and gene expression from the 
literature. We considered a result abnormal if results were statistically different from 
controls or if the authors stated there was a difference between controls and the model. 
Blank cells indicate no published data was available at the time this table was 
generated. We separated KIF7, ARL13B, INPP5E, and TMEM67 by knockout/null and 
knockdown models to get a general sense whether severity of mutations affected 
experimental outcome.  

In our experiments, KIF7 SMO localization was blunted in response to pathway 

stimulation, while PTCH1 and GLI1 expression were higher at baseline and with 

stimulation in our experiments. These cell lines responded differently to than others, by 
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having higher baseline and stimulated GLI1 expression compared to controls. We would 

expect a cell line with blunted SMO localization to have lower GLI1 expression, but we 

will need to take a deeper dive into other KIF7 mutants we generated to better 

understand whether these results are biologically significant. 

Cilium proper  

Cilium proper proteins ARL13B and INPP5E help maintain the unique 

composition of the ciliary membrane, and dysfunction of these proteins has been shown 

to disrupt Hh signaling.39–41 Prior studies have shown that dysfunction of the cilium 

proper genes CSPP1 and INPP5E consistently result in blunted SMO localization and 

target gene expression in response to pathway stimulation. In contrast, ARL13B loss of 

function is associated with normal or high SMO localization with and without stimulation, 

but counterintuitively, normal or low target gene induction with stimulation.27,27,42,42–46 In 

our data set, we see a similar pattern in CSPP1 mutants, where the SMO ratio is normal 

in two replicates and low in one, while target gene induction is lower across mutants 

compared to controls. GLI1 induction data aligned with the literature, with cilium proper 

mutants having a blunted response to pathway stimulation. 

Transition zone  

The transition zone regulates active protein trafficking into and out of the cilium. 

The transition zone mutants CPLANE1 and TMEM67 had low proportions of ciliated 

cells, which did not allow us to perform SMO localization experiments. As introduced 

above, there was some correlation between lack of cilia and blunted response to 

pathway stimulation, but we will need to further investigate whether increasing cellular 

density or extending serum starvation affects ciliation and response to pathway 

stimulation.   

In our experiments, SMO localization was blunted with pathway stimulation in 

CC2D2A mutants, and GLI1 expression was blunted with stimulation in CC2D2A, 

CPLANE1, and TMEM67 mutants. Published data in Cc2d2a mouse embryonic 

fibroblasts and murine inner medullary collecting duct cells displayed lower SMO 

localization, similar to mutants in our library.47,48 We did not find any evidence of Hh 

pathway protein mislocalization in the literature in CPLANE1 models. In one study that 

presented CPLANE1 patient-derived cells, proportion of ciliated cells were lower than 
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controls (20-40% in patient-derived cells vs 60% in unaffected cells) and cilium length 

was comparable to unaffected cells, but no data on SMO localization were presented.49 

CPLANE1 mutants in our library did not ciliate well, suggesting that the mutations we 

introduced might be affecting ciliation, and potentially introducing hypomorphic variants 

rather than loss of function variants would allow for increased ciliation and 

measurement of SMO localization. 

Basal body 

 Ciliary basal bodies are modified centrioles, with the mother centriole providing a 

template for the microtubule-based ciliary axoneme.50 ARMC9 and TOGARAM1 were 

recently identified as JS-associated genes, and data on Hh signaling are limited for 

these genes. In the literature, SMO localization is normal at baseline and normal or low 

in stimulated cells.19,33 In our experiments, SMO localization ranged from low to normal, 

and GLI1 expression ranged from normal to high in stimulated cells.  

The differing results across studies suggest that Hh signaling may be perturbed 

differently depending on the genetic background. Differences across different models 

for a gene demonstrate that Hh signaling is dependent on cell type, tissue context, 

genetic background, and organism. We will continue to utilize our library of mutants to 

further understand Hh response across genetic causes of JS.  

Looking across nine JS-genetic mutant cell lines, we did not identify a shared 

characteristic of abnormal Hh signaling, but this does not rule out the possibility that the 

pathway is perturbed. Our approach provided an opportunity to look broadly across 

genetic causes of JS, but there were limitations to our project design. This included the 

use of one cell type, only looking at two steps in the pathway, and only using one time 

point for pathway stimulation. Expanding the library to include other cell types would 

provide some data on differences in cell specific response to pathway stimulation. 

Despite our efforts to uniformly generate multiple knockout mutants for each gene, 

some of these biological replicates did not perform similarly in the assays. Since we did 

not perform technical replicates for each cell line, we do not know whether this 

variability represents experimental mistakes (e.g. sample mix up, pipetting errors) 

versus different biological effects of the different mutations. We attempted to limit these 

biological differences by using the same gRNA within a gene to generate 
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insertion/deletion mutants that are predicted to result in non-functional truncated 

proteins, and we showed the absence of protein when antibodies were available; 

however, we cannot exclude the possibility of alternative splicing, translational 

readthrough, or other phenomena resulting in functional protein for some mutant lines.  

We looked at two steps in the Hh pathway, SMO localization and target gene 

induction of GLI1 and PTCH1 and did not identify a shared perturbation across mutants. 

However, we can use our library of mutants and the RNA-seq data set to look at other 

steps in the pathway and search for other genes that are upregulated or downregulated 

in response to Hh stimulation. SMO is one pathway protein that relocalizes with 

pathway stimulation, but we could look at other components, including GPR161, PTCH, 

KIF7, SUFU, and GLI2/3 to determine whether dysfunction of JS-associated genes 

disrupts localization of Hh pathway proteins. Expanding our qIF data would provide a 

wider view of positive and negative regulators of the pathway. At the gene expression 

level, we can use our RNAseq data to screen for changes in expression of pathway 

components and move into cellular experiments to validate those findings. We could 

also be missing changes in target gene expression of genes that have not been 

previously associated with Hh signaling.  

There are future possibilities to look at other steps in the pathway, such as GLI3 

protein processing and GLI2 protein using western blots. We attempted GLI3 

processing western blots (discussed in Chapter 4) but did not see a consistent response 

to stimulation, so we need to evaluate different time points and stimulation conditions. 

Interestingly, most published GLI processing data in JS-mutants have been performed 

in tissues rather than cell lines, so it may be that some cultured cells have less robust 

GLI processing responses to pathway stimulation than cells in their native environment. 

While it should be possible to identify a unifying cellular defect underlying JS 

(should one exist), it would be very difficult to fully exclude a unifying mechanism, since 

it would require showing that all aspects of Hh signaling are unperturbed in the relevant 

cell type. Ideally, to rule out Hh signaling as a mechanism underlying JS, we would want 

to look at multiple mutants across JS genes, in several types of cell lines, across 

different timepoints of pathway stimulation, and using multiple assays/outputs. The 
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addition of other non-JS ciliopathy controls will also help determine whether perturbed 

Hh signaling is seen broadly across ciliopathies.   

Our experiments evaluated Hh signaling across genetic causes of JS using two 

assays in a single immortal cell line. We observed a blunted response to pathway 

stimulation in cilium proper and transition zone mutants, but no shared defect across all 

types of mutants. Additional experiments would be needed to more fully exclude a 

specific, shared Hh signaling defect as a unifying cause of JS. This work is an important 

step forward in understanding the role of Hh signaling in JS, and lays the foundation for 

taking a broader look at potential JS-related mechanisms across genetic causes using 

libraries of engineered cells like the ones generated for this work.  
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Methods 
 
Cell culture  

hTERT RPE-1 cells (ATCC: CRL4000) were maintained in DMEM-F12 medium 

(Thermo Fisher Scientific, #11320082) supplemented with 10% Fetal Bovine Serum and 

1% Penicillin/Streptomycin (Gibco, #15140-122) in a humidified incubator at 37°C and 

5% CO2. 0.05% Trypsin was used for cell dissociation. 

Genetic editing of hTERT RPE-1 cells 

Single gene mutations were accomplished using the Integrated DNA 

Technologies (IDT) Alt-R CRISPR-Cas9 System of hTERT RPE-1 cells with gene-

specific gRNA’s. Transfection was performed using the Lipofectamine CRISPRMAX 

Transfection reagent (Thermo Fisher Scientific #CMAX00008) following the IDT protocol 

“Alt-R CRISPR-Cas9 System: Cationic lipid delivery of CRISPR ribonucleoprotein 

complexes into mammalian cells.” About 24 hours after transfection, we performed 

Fluorescence-activated cell sorting using a BD Aria III cytometer. Cells were sorted into 

96-well plates, single cell expanded, and sequenced to determine editing events. 

gRNA’s and sequencing primers are listed below:  

Gene  gRNA Forward primer (5' --> 3') Reverse primer (5' --> 3') 
ARL13B ATGGTGGGACTTGATAATGC TCCCTACCTCCCTTTCCATCTT TAAGACAGAGCCTATTCGCCAC 

ARMC9 CTTGTCGCTGCATTTGACAA TGGGAGATCTGTGGTGTTGA TGACAGCACAGCCACATATG 

BBS1 GGATGCGCACTACGACCCAA TTTCCCACCCGTGTAAAGAG CCCATCCCCATGTAAATCTG 

CPLANE1 ATGTAGTAACAAGAGTCCCG AAAGGCTACCAGGGGTCAAT TCACCCACGTTCAGGTGATA 

CC2D2A TAGAGCGGGAACTAATCAAG TTCAACTTTGATCCCGAACC CATACCACCCACAGTTGCAG 

CSPP1 TCTGAACCAAAGACGACTAG GCTTGTTTATCCATTCCCCTGT ACTAGGGAGAAGCAGTTTTGAT 

INPP5E GGAAATCCCCAAGTCCCGCG AGGACCTGGAAGCCCGGAAT AAGGGAACAGTCGTCGCAG 

KIF7 CTACCTGGAAGTGTACAAGG GCCTTCTCCATCCTAGAGCA AAGCACTCCACTCCAAACAG 

TMEM67 GTACTTTGATATCTCCGCCC TTCCTCCCTCGCTTCTTACA CTCTGCCTTGGCTTCCTCTA 

TOG1 CGAGTTGGGGGCATTATGAG CGCCCTTTCCAGTCCTCT CCGAGAGAAGTTGCAAGCAG 

Methods table 3.1. gRNA sequences and PCR sequencing primers to determine 
editing events.  
 

Cell-based assays Hedgehog assays  

hTERT RPE-1 mutants and controls were grown in three batches, with replicates 

listed below:  
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Experimental 
name Cell line name Wild type amino 

acid length  
Mutant predicted 
amino acid length  

Cell culture 
batch  

ARL13B_1 ARL13B_4.29 
428 AA 

42AA 1 
ARL13B_2 ARL13B_4.26 48AA/47AA 2 
ARL13B_3 ARL13B_4.35 49AA 3 
ARMC9_1 ARMC9_4.09 

817 AA 
122AA 1 

ARMC9_2 ARMC9_4.02 122AA 2 
ARMC9_3 ARMC9_4.06 122AA/108AA 3 
BBS1_1 BBS1_3.01 

593 AA 
97/40AA 1 

BBS1_2 BBS1_3.11 40/91 AA 2 
BBS1_3 BBS1_3.17 40/94 AA 3 
CPLANE1_1 C5ORF42_5.08 

3197 AA 
309AA/309AA 1 

CPLANE1_2 C5ORF42_5.10 310AA/317AA 2 
CPLANE1_3 C5ORF42_3.07 316/304AA 3 
CC2D2A_1 CC2D2A_3.51 

1620 AA 
233/245 AA 1 

CC2D2A_2 CC2D2A_3.07 238/255AA 2 
CC2D2A_3 CC2D2A_3.34 235/255 AA 3 
CSPP1_1 CSPP1_4.31 

1221 AA 
228AA/198AA 1 

CSPP1_2 CSPP1_4.15 228AA/230AA 2 
CSPP1_3 CSPP1_3.26 227/228 AA 3 
INPP5E_1 INPP5E_3.03 

644 AA 
149AA 1 

INPP5E_2 INPP5E_3.23 149/147 AA 2 
INPP5E_3 INPP5E_3.29 609/609AA 3 
KIF7_1 KIF_6.42 

1343 AA 
181/161 AA 1 

KIF7_2 KIF_6.23 164 AA 2 
KIF7_3 KIF_6.19 164/181 AA 3 
TMEM67_1 TMEM67_3.47 

995 AA 
60AA/988AA 1 

TMEM67_2 TMEM67_4.01 53AA/53AA 2 
TMEM67_3 TMEM67_4.10 55AA 3 
TOG1_1 TOG_3.29 

1720 AA 
83/81 AA 1 

TOG1_2 TOG_3.32 83/79 AA 2 
TOG1_3 TOG_3.07 80/46 AA 3 
wt_1 hTERT parent round 3 

N/A 

N/A 1 
wt_3 hTERT parent 2 round 6 N/A 3 
hTERT SC_1 No Template control 3.03 N/A 1 
hTERT SC_2.1 No RNA_3.01 N/A 2 
hTERT SC_2.2 No Template control 3.01 N/A 2 
hTERT SC_3.1 No RNA_3.02 N/A 3 
hTERT SC_3.2 No Template control 3.06 N/A 3 

Methods table 3.2. List of JS-gene mutants used in our experiments. The 
experimental name was a generic name given to de-identify the different mutant lines. 
The cell line name corresponds with the name cataloged in the Doherty freezer data 
sheets. The predicted amino acid length in the mutant lines is listed. If a single predicted 
amino acid length is listed, than the event was homozygous. In mutant lines with 
xxAA/xxAA listed, there were heterozygous events.  
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Proportion of ciliated cells, cilium length, and SMO localization data was 

generated using the same data set and coverslips. Cells were seeded on pairs of 

coverslips coated with 0.3mg/mL poly-D-lysine and allowed to grow for 2-3 days, until 

they reach 60-80% confluency. Cells in the same batch were seeded at the same cell 

density and starved for 48 hours starting at the same time. Cells were serum starved for 

a total of 48 hours. After the initial 24 hours of serum starvation, we replaced the media 

on half of the coverslips with DMEM only + 1uM Smoothened Agonist (Millipore, 

566661). After 24 hours of starvation, we fixed coverslips using 4% paraformaldehyde 

for 5 minutes, followed by permeabilization using cold Methanol for 3 minutes and 

stored in PBS at 4°C until ready to stain.  

Cells for RNA collection were grown at the same time as coverslips. T-75 flasks 

were grown in pairs, and allowed to grow for 2-3 days, until cell lines reached 60-80% 

confluency. Cells were starved for a total of 48 hours. Half the flasks had their media 

replaced after the initial 24 hours with DMEM only + 1uM SAG. We lysed cells for RNA 

extraction using Trizol (Thermo Fisher Scientific #15596018). Trizol was added directly 

to cells and collected in a 15ml conical. Lysates were stored at -80°C until ready for 

extraction.  

Immunofluorescence and microscopy 

Methods table 3.3. Antibodies used for immunofluorescence staining in SMO 
localization experiments.  
 

We blocked coverslips in 2% BSA in PBS for 20 minutes at room temperature. 

GPR161, SMO, and ARL13B antibodies were diluted as shown in the chart above. We 

incubated coverslips with primary antibodies at either 4°C overnight or for 1 hour at 

room temperature, then washed three times in PBS for 5 minutes. We incubated 

coverslips with the following secondary antibodies at 1:400 dilution for 1 hour at room 

temperature: Goat anti-Rabbit IgG, Alexa Fluor 488 (Thermo Fisher Scientific #A11008) 

Antibody 
Name Species Concentration Supplier Product number 

SMO Mouse 
Monoclonal 1:200 Santa Cruz 

Biotechnology 
sc-166685 

ARL13B Mouse 1:200 NeuroMab 75-287 
Anti-tubulin, 

detyrosinated 
Rabbit 

polyclonal 
1:200 Sigma Aldrich AB3201 
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and Donkey anti-Mouse IgG, Alexa Fluor 568 (Thermo Fisher Scientific, #A10037). After 

incubation, we washed coverslips three times in PBS for 5 minutes. Coverslips were 

mounted on slides using a Fluoromount with DAPI (Invitrogen, #00-4959-52), then 

sealed with nail polish after sitting for at least 1 hour.  

Quantitative immunofluorescence 

We quantified ciliary protein localization using a validated protocol previously 

established in the laboratory47. We acquired z-stack images for >20 cells for each 

condition using identical microscope settings. We converted z-stack images to sum-

projections and randomized these images using the FIJI48 script, Filename_randomizer 

(https://imagej.nih.gov/ij/macros/Filename_Randomizer.txt) to minimize bias. We 

created cilium masks using the cilia marker (ARL13B) channel. We used this mask to 

measure the signal intensity for the protein of interest and measured the signal intensity 

of an adjacent region to subtract background signal.  

All figures and graphs were generated using Plots Of Data and Super Plots Of Data.49,50 

RNA isolation and RNA-seq 

When ready to extract, frozen lysates were thawed and chloroform was added 

(Millipore #C2432). After sitting for 2 minutes, the sample was centrifuged for 15 

minutes at 12,000x g. The aqueous phase was then collected and used for RNA 

cleanup (RNA Clean and Concentrator kit, Zymo research, #R1013). Following RNA 

cleanup, RNA concentration and purity were determined using a spectrophotometer. 

RIN RNA purity was determined using the Agilent 2100 Bioanalyzer (#G2939BA). Total 

RNA samples were submitted to Novogene for Eukaryotic RNA-seq (cDNA library). 

Only samples with a RIN score ≥4 with smooth baseline, A260/280 >1.8-2.2, and 

A260/230 ≥1.8 were used, as outlined by the company. Sample submission included 

RNA sample QC, mRNA library prep (poly A enrichment), Sequencing (Illumina – 

PE150 – 30M paired reads), data quality control, and raw data. Sequence data was 

generated in a single run in the same lane.  

Sequencing quality was assessed using FASTQC results. Read alignment was 

performed using GRCh38.p12 with reference genome GENCODE human release 30 

using STAR (v2.7.9a). The aligned BAM files were used for analysis and the number of 

https://imagej.nih.gov/ij/macros/Filename_Randomizer.txt
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reads that overlap each gene were counted using the featureCounts function in 

Bioconducted Rsubread125 package and gene definitions were used from the 

GENCODE human release 30 GTF files. Read counts are used to compare the 

expression of each gene in different samples. 

Statistical methods 

An unpaired two-tailed Student’s t-test was performed for comparison between 

unstimulated and stimulated cells with a hypothesized mean difference of 0. α level was 

set at 0.05. P < 0.05 was significant. For RNA-seq expression data, adjusted p-values 

were determined using the Benjamani-Hochburg procedure. Symbols for significance 

represent p-values from 0.01 to 0.05 (*), 0.001 to 0.01 (**), and <0.001 (***). 
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Supplementary Figures 

 

Supplementary Figure 3.1. Baseline and stimulated SMO localization with 
medians. Normalized fluorescence intensity of cells stained with SMO and ARL 13B at 
(A) baseline or (B) with stimulation. Upper and lower limits of control data are outlined in 
each graph. (C) SMO fluorescence graph showing the full fluorescence intensity y-axis. 
Circle color corresponds to experimental batch. In controls, shades of green and blue 
correspond to the same experimental batch. Large dots represent the median of each 
cell line, while small dots represent individual data points. Median normalized 
fluorescence intensity for each batch is listed below each column. 
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Supplementary Figure 3.2. Baseline and stimulated PTCH1 and GLI1 expression 
by RNA-seq. Data from Figure 3 separated by (A) unstimulated PTCH1, (B) stimulated 
PTCH1, (C) unstimulated GLI1, and (D) stimulated GLI1.  
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Introduction  
Our literature review demonstrated that Hedgehog (Hh) response is perturbed in 

different JS-associated gene models. These perturbations have been measured using a 

range of assays in a variety of cells and tissues, making it difficult to make conclusions 

about how Hh signaling is disrupted in the JS disease. We wanted to address this 

knowledge gap by performing the same assays in a single model system to determine 

whether Hh signaling is disrupted similarly across genetic causes of JS. Based on 

assays commonly used to measure differences in Hh response, we decided to evaluate 

the response to pathway stimulation at several steps: 1) localization of Hh signaling 

components using quantitative immunofluorescence of cilia, 2) proteolytic processing of 

GLI3 transcription factors using western blots, and 3) target gene expression using 

qPCR (Chapter 2) and RNA-seq (Chapter 3). Adapting these assays for use across 

multiple cell types (retinal pigment epithelial cells, murine fibroblasts, embryonic kidney 

cells) and a library of mutant hTERT RPE-1 cell lines required the optimization 

described in this Chapter.   

Quantitative immunofluorescence  
We and others have used immunofluorescence to evaluate differences in 

pathway protein localization in cell lines, tissues, and patient-derived cells1–3. Our lab 

uses a quantitative measurement of fluorescence intensity (qIF described in 4) to 

determine changes in protein localization at baseline and in stimulated cells. In Chapter 

2, we used this technique to determine SMO and GPR161 localization, using ARL13B 

as a cilium marker. We encountered two challenges when performing qIF in our library 

of mutant lines described in Chapter 3: 1) inability to use ARL13B antibody as a cilium 

marker for ARL13B mutant lines due to lack of ARL13B expression, and 2) lack of 

GPR161 staining in control and mutant cell lines. In this section, I will describe how we 

identified a cilium marker in ARL13B mutants and present troubleshooting experiments 

to determine whether we detect a cilium-specific GPR161 signal.  

Selection of a cilium marker for ARL13B mutants  
Chapter 3 described our use of an hTERT RPE-1 library of JS-gene mutant lines. 

Typically, we use ARL13B, INPP5E, or acetylated tubulin antibodies to mark cilia for qIF 

experiments. Not surprisingly, our ARL13B mutants did not express ARL13B by IF or 

western blot (Figure 4.1), so we had to identify a different cilium marker to determine the 
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proportion of ciliated cells and for qIF experiments. All other mutant lines showed robust 

ARL13B signal, so we could use that antibody for the rest of our experiments. The SMO 

and GPR161 antibodies we use were generated in mouse and rabbit, respectively; 

therefore, we identified cilium marker antibodies generated in different animals for 

further testing in hTERT RPE-1 cells. While AC3, gamma tubulin, and SSTR3 did not 

give a robust ciliary signal, detyrosinated tubulin and glutamylated tubulin marked cilia 

well enough to use for qIF (Figure 4.2A). To ensure that detyrosinated tubulin and 

glutamylated tubulin would work with and without stimulation, we tested them in 

ARL13B mutant lines under these conditions (Figure 4.2B, C). Rabbit detyrosinated 

tubulin antibody gave the best signal, so we used it for our SMO qIF experiments. We 

intend to use the mouse GT335 antibody for future GPR161 experiments in our ARL13B 

mutants. 

 
Figure 4.1. ARL13B mutant validation. (A) Immunofluorescence staining of ARL13B 
mutants and a control parent line with anti-acetylated tubulin and anti-ARL13B (left) and 
anti-ARL13B and anti-IFT88 (right). The mutant lines are the same lines used in 
Chapter 3. (B) Western blot of ARL13B and a control line. An ARL13B mutant that was 
not used in Chapter 3 was included in this western blot as part of the validation process. 
Scale bars are 10μm.  
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Figure 4.2. Cilium markers in ARL13B mutants. (A) Control hTERT RPE-1 cells 
stained with anti-ARL13B, anti-AC3, anti-detyrosinated tubulin, anti-glutamylated 
tubulin, anti-gamma tubulin, and anti-SSTR3. Images from cells at baseline are shown 
on the left and stimulated cells are on the right. (B) Staining of control and ARL13B 
mutant hTERT RPE-1 cell lines stained with anti-ARL13B and anti-detyrosinated 
tubulin. (C) Staining of control and ARL13B mutant hTERT RPE-1 cell lines stained with 
anti-glutamylated tubulin and anti-gamma tubulin.   
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Variability of GPR161 fluorescence intensity   
While identifying cilium markers for ARL13B mutants, we moved forward with 

staining the other mutants for SMO and GPR161. We performed preliminary 

experiments with GPR161 in controls and mutants and detected a faint ciliary signal 

(Figure 4.3, “Preliminary GPR161 data”). As we compared our qIF results to the images, 

it was difficult to see any cilium-specific GPR161 signal. The cells had been fixed ~3 

months prior to immunofluorescence staining, so we hypothesized that the protein had 

degraded. To determine whether this was true, we stained other hTERT RPE-1 cells 

that had been fixed from 1 week to 9 months prior to staining (Figure 4.3). Comparing 

the images, we detected GPR161 signal, but the intensity of the signal was low.  

 
Figure 4.3. GPR161 staining in hTERT RPE-1 lines at different time points after 
fixation. Different hTERT RPE-1 control lines stained with anti-ARL13B and anti-
GPR161. Upper panels for each line are images with no adjustment to brightness and 
lower panels have the brightness increased. Preliminary GPR161 data were collected 
when the JS mutant library was initially generated, and we did not treat these cells with 
SAG. Other cell lines have representative images of unstimulated cells on the left and 
stimulated cells on the right. Labels to the left indicate how long prior to staining the 
cells were fixed. Scale bars are 10μm.   
 

Our goal is to determine whether GPR161 localization is different between 

control cell lines and JS mutants. In controls, we expect GPR161 signal to be lower in 

stimulated cells compared to baseline. Since we are only achieving low fluorescence 

intensity at baseline, we are reaching the lower level of detection for this assay, 
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therefore we will look for ways to adjust our protocol and have a brighter baseline 

GPR161 signal. Some parameters we can adjust include the concentration of the 

antibodies, using a different GPR161 antibody, trying different fixation methods, and 

performing these experiments using a tagged construct. Another direction we could take 

is changing cell culture parameters, including performing a time-course experiment to 

determine whether GPR161 signal is stronger at earlier or later time points and using a 

different pathway activator, such as recombinant SHH.   

GLI3 processing 
Without Hh pathway stimulation, the GLI3 transcription factor is preferentially 

cleaved into its repressor form (GLI3R), while pathway stimulation leads to a higher 

proportion of GLI3 activator form (GLI3A).5,6 We intended to evaluate GLI3 processing 

in JS gene mutants by measuring the ratio between GLI3A and GLI3R bands with and 

without pathway stimulation. Since upstream and downstream steps in the Hh pathway 

responded to stimulation, we postulated that we would be able to measure the 

intermediate step (GLI3 processing). We used a GLI3 antibody that detects the GLI3A 

and GLI3R isoforms and were going to measure densitometry of the bands to calculate 

normalized ratios of GLI3A/GLI3R (Figure 4.4).    

 
Figure 4.4. GLI3 processing in immortal cell lines. Representative western blots for 
ARPE-19, HEK293T, hTERT RPE-1, and NIH/3T3 cell lines probed with anti-GLI3 and 
anti-β-actin. GLI3 activator (GLI3A), GLI3 repressor (GLI3R), and β-actin bands are 
labeled on the left of the image. β-actin was used as a loading control. The arrows in 
HEK293T, hTERT RPE-1, and NIH/3T3 β-actin blots point to the band that is at the 
predicted molecular weight of β-actin. The band above is a non-specific band from the 
GLI3 antibody.  
 
GLI3 processing with Hh pathway stimulation in control hTERT RPE-1 lysates    

We wanted to measure differences in GLI3A/R ratios from our hTERT RPE-1 JS-

gene library. We probed control lysates for GLI3 and did not observe substantial 
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differences in GLI3A/GLI3R normalized ratios in control cell lines (Figure 4.5). In the 7 

control lines we used, we only measured slight differences in the normalized ratio 

between baseline and stimulated cells. This would make it challenging to determine 

whether differences between baseline and stimulated cells in mutants were due to 

assay variation or whether mutant lines differed in their GLI3 processing compared to 

controls.   

 
Figure 4.5. GLI3 processing in control hTERT RPE-1 cells. GLI3 western blots in 
control cell lines from the JS-gene mutant library. GLI3 activator (GLI3A) and GLI3 
repressor (GLI3R) isoforms are labeled on the left of the image. β-actin was used as a 
loading control. Normalized GLI3A/GLI3R is listed below each blot except for hTERT 
SC_1 where the background was too high in the stimulated lane.  
 

Since we could not demonstrate a robust GLI3 processing response to pathway 

stimulation, we decided to evaluate whether baseline GLI3 processing differed between 

JS gene mutant lines and controls (Figure 4.6A). We performed GLI3 western blots on 

unstimulated cell lines of controls and mutants. Baseline GLI3A/GLI3R ratios in CSPP1, 

INPP5E, CC2D2A, and BBS1 were similar to controls. KIF7, ARL13B, CPLANE1, 

TMEM67, and TOG1 mutants were variable within each gene, making it challenging to 

determine whether these differences were due to the mutations or an unknown factor  
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Figure 4.6. GLI3 processing in JS-gene mutants. (A) GLI3 western blots were 
performed using baseline control and JS-gene mutant protein lysates. Normalized 
GLI3A/GLI3R was calculated based on the western blot and plotted on the graphs to the 
right of each row. Dots above each lane correspond to the data points in the graphs. 
GLI3A and GLI3R are labeled on the left of each row. (B) Expression of GLI3 across 
controls and JS-library mutant lines. The graph was generated using data from Chapter 
3 RNA-seq experiments.   
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affecting the results. Using the RNA-seq data generated in Chapter 3, there were no 

striking differences in GLI3 expression across controls and mutants (Figure 4.6B).   

We are still interested in determining GLI3A/R ratios in our mutants and are 

considering adjusting our protocol. One proposal is to perform time-course assays to 

determine whether measurable changes in GLI3 isoform bands occur at a different time 

point than what we used. We only found two studies that used human cells to perform 

GLI3 western blots with pathway stimulation in JS-associated gene models, with SAG 

treatment time being the major difference.7,8 The first study used S12 human 

keratinocyte cells in knockdowns of Arl3. The knockdown model had more GLI3A in 

baseline and stimulated cells, and a visible decrease in the GLI3R band with 

stimulation. Only baseline blots were shown in the study that used patient-derived cells 

and differences in band intensity were visible.9–11 The predominant difference in 

methods between these studies and ours was the pathway stimulation length, which 

ranged from 12-16 hours in the publications. This supports our plan to perform time-

course experiments to determine differences in GLI3 processing. Other parameters we 

could change are using different agonists or a different SAG concentration. 

GLI1 and PTCH1 qPCR 
Hh pathway target genes are induced by stimulation and can be measured using 

qPCR and RNA-seq. Reference genes are utilized for data normalization in qPCR and 

their cycle threshold (CT) values should not change in response to the parameter being 

tested. In chapter 2, we measured the expression of GLI1 and PTCH1 using qPCR. 

Early in our validation, we identified changes in reference gene expression with pathway 

stimulation that would interfere with accurate measurement of GLI1 and PTCH1 and 

potentially result in erroneous results. In human fibroblasts, the reference gene, 

GAPDH, was expressed 2-4-fold lower in stimulated versus unstimulated cells, 

indicating that GAPDH is influenced by Hh signaling (Figure 4.7A). As described in the 

MIQE guidelines for qPCR, “[the reference gene] utility must be experimentally validated 

for particular tissues or cell types and specific experimental designs,” which led us to 

evaluate 10 reference genes for our Hh experiments12 (Methods table 4.3).   

We built a list of common reference genes used in the literature and started by 

testing the proposed reference genes in the four immortal cell lines at baseline and with  
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Figure 4.7. GLI1 and PTCH1 expression via qPCR. (A) Data from fibroblasts showing 
cycle threshold (CT) of the reference gene, GAPDH in unstimulated and stimulated 
cells. Each dot represents a technical replicate. Higher CT values normally translate to 
lower gene expression, while lower CT values will normally translate to higher gene 
expression. (B) CT of reference genes in ARPE-19, HEK293T, hTERT RPE-1, and 
NIH/3T3. Each dot represents a technical replicate. For GAPDH in NIH/3T3 lines, there 
was no measurable signal in the unstimulated replicates and only one measurable 
signal in the stimulated replicates. (C) CT values of GLI1 from ARPE-19, HEK293T, and 
hTERT RPE-1 prior to any modifications in qPCR protocol. cDNA from unstimulated and 
stimulated cells were used. (D) Normalized GLI1 and PTCH1 expression fold change for 
ARPE-19 and HEK293T cells in the left two columns. Raw CT values are shown for 
technical replicates in the right panels. Each line has data using the recommended 
qPCR protocol and the touchdown qPCR protocol to show differences in CT between 
the two protocols.   
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stimulation (Figure 4.7B). For our Hh experiments, we were interested in a reference 

gene with a Ct >20 and <30, similar to GLI1 and PTCH1. We determined that the cell 

lines required different reference genes. After identification of a stable reference gene 

for each cell line, we moved on to test different primer concentrations, primer 

temperature gradients, and dilution curves of the cDNA template to ensure we were 

reliably measuring expression.   

Once the parameters for our GLI1/PTCH1 and reference gene primers were 

determined, we moved into experiments for the four immortal cell lines. Ct values >30 

often indicate a low level of starting template, which increases variability within an 

experiment.13 Early experiments with GLI1 had Ct’s >30 (Figure 4.7C), therefore we 

wanted to modify our protocol to lower the CT values in samples where we had a low 

starting template. Our first attempt at lowering the CT of GLI1 was to elongate the 

primers to allow for higher fluorescence substrate binding and increase cDNA input 

concentration. The increased cDNA input remained within the parameters of the dilution 

curve with an R2 ≥0.99 and efficiency between 80-120%. This lowered Ct’s in hTERT 

RPE-1 and NIH/3T3 cells, but ARPE-19 and HEK293T cells continued to have CT’s 

close to 30, so we added the touchdown qPCR protocol for these samples (Figure 

4.7D). This helped lower CT’s an additional 2-3 cycles and we found that the results 

were more reliable when repeating the experiments.    

Discussion  
Here, I described preliminary results from assays that need further 

troubleshooting, validation/modification to our protocols, and potential next steps for 

determining differences in Hh response related to JS. Even reliable parameters need to 

be adjusted based on the experiment, for example, changing a cilium marker if the 

protein is disrupted in a model. From our experiments, we learned the importance of 

validating assays for different cell types and model systems. While translating assays 

from one cell type or model system to another would ideally be easy, taking the time to 

determine how your assay is working improves the reliability of the assays and gives us 

more confidence in our results.  

 



 

89 
 

Methods  

Cell culture 

Cell line name 
and catalog 
number 

ARPE-19 
(CRL-2302) 

HEK293T 
(CRL- 3216) 

hTERT RPE-
1 (CRL-
4000) 

NIH/3T3 
(CRL-1658) 

SH-SY5Y 
(CRL-2266) 

Growth 
medium 

DMEM:F12 
with 10% 

FBS and 1% 
Pen-strep 

DMEM with 
10% FBS and 
1% Pen-strep 

DMEM:F12 
with 10% 

FBS and 1% 
Pen-strep 

DMEM with 
10% Bovine 
calf serum 

and 1% 
Pen-strep 

1:1 Eagle's 
Minimum 
Essential 

Medium: F12 
with 10% FBS 
and 1% Pen-

Strep 
Cell 
dissociation 

0.05% Trypsin 

Methods Table 1. Immortal cell line media composition. Composition of growth 
medium and cell dissociation method used for each cell line. All cell lines were 
purchased from ATCC, with catalog numbers included above.  
 

Cells were seeded on pairs of coverslips coated with 0.3mg/mL poly-D-lysine and 

allowed to grow for 2-3 days, until they reach 60-80% confluency. Cells in the same 

batch were seeded at the same cell density and starved for 48 hours starting at the 

same time. Cells were serum starved for a total of 48 hours. After the initial 24 hours of 

serum starvation, we replaced the media on half of the coverslips with DMEM only + 

1uM Smoothened Agonist (Millipore, 566661). After 24 hours of starvation, we fixed 

coverslips using 4% paraformaldehyde for 5 minutes, followed by permeabilization 

using cold Methanol for 3 minutes and stored in PBS at 4°C until ready to stain.  

Cells for RNA collection were grown at the same time as coverslips. T-75 flasks 

were grown in pairs, and allowed to grow for 2-3 days, until cell lines reached 60-80% 

confluency. Cells were starved for a total of 48 hours. Half the flasks had their media 

replaced after the initial 24 hours with DMEM only + 1uM SAG. We lysed cells for RNA 

extraction using Trizol (Thermo Fisher Scientific #15596018). Trizol was added directly 

to cells and collected in a 15ml conical. Lysates were stored at -80°C until ready for 

extraction.  
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Immunofluorescence and microscopy 

Methods table 2. Antibodies used for immunofluorescence staining.  
 

We blocked coverslips in 2% BSA in PBS for 20 minutes at room temperature. 

GPR161, SMO, and ARL13B antibodies were diluted as shown in the chart above. We 

incubated coverslips with primary antibodies at either 4°C overnight or for 1 hour at 

room temperature, then washed three times in PBS for 5 minutes. We incubated 

coverslips with the following secondary antibodies at 1:400 dilution for 1 hour at room 

temperature: Goat anti-Rabbit IgG, Alexa Fluor 488 (Thermo Fisher Scientific #A11008) 

and Donkey anti-Mouse IgG, Alexa Fluor 568 (Thermo Fisher Scientific, #A10037). After 

incubation, we washed coverslips three times in PBS for 5 minutes. Coverslips were 

mounted on slides using a Fluoromount with DAPI (Invitrogen, #00-4959-52), then 

sealed with nail polish after sitting for at least 1 hour.  

Quantitative immunofluorescence 

We quantified ciliary protein localization using a validated protocol previously 

established in the laboratory.4 We acquired z-stack images for >20 cells for each 

condition using identical microscope settings. We converted z-stack images to sum-

projections and randomized these images using the FIJI14 script, Filename_randomizer 

(https://imagej.nih.gov/ij/macros/Filename_Randomizer.txt) to minimize bias. We 

Antibody 
Name Species Concentration Supplier Product number 
SMO Mouse 

Monoclonal 
1:200 Santa Cruz 

Biotechnology 
sc-166685 

ARL13B Mouse 1:200 NeuroMab 75-287 
GPR161 Rabbit 

polyclonal 
1:200 Proteintech 13398-1-AP 

Anti-tubulin, 
detyrosinated 

Rabbit 
polyclonal 

1:200 Sigma Aldrich AB3201 

Adenylate 
cyclase 3 

Rabbit 
polyclonal 

1:500 Thermo 
Fisher 

PA5-35382 

SSTR3 Rabbit 
polyclonal 

1:2500 Thermo 
Fisher 

PA3-207 

GT335 Mouse 
monoclonal 

1:1000 Adipogen Life 
Sciences 

AG-20B-0020-C100 

Gamma 
tubulin 

Rabbit 
polyclonal 

1:1000 Sigma Aldrich T3559 

https://imagej.nih.gov/ij/macros/Filename_Randomizer.txt
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created cilium masks using the cilia marker (ARL13B) channel. We used this mask to 

measure the signal intensity for the protein of interest and measured the signal intensity 

of an adjacent region to subtract background signal.  

All figures and graphs were generated using Plots Of Data and Super Plots Of 

Data.15,16 

Western Blot 

Cells were grown in pairs of T-75 cell culture flasks until ~50-75% confluent. 

Cells were starved for a total of 48 hours. Half the flasks had their media replaced after 

the initial 24 hours with DMEM only + 1uM SAG. After 24 hours, protein lysate was 

collected using NP-40 buffer (Thermo Fisher Scientific, FNN0021) with Halt Protease 

and Phosphatase Inhibitor (1:100, Thermo Fisher Scientific 78442) and PMSF (1:100, 

Fisher Scientific, ICN19538101). Cell lysates were reduced in 4x Laemmeli Buffer 

(BioRad, 1610747), 2-mercaptoethanol, and 2-3uL of DNase I. After being reduced, 

samples were stored at -80C. We then followed standard western blot methods35 to 

probe for GLI3 (R&D Systems, AF3690-SP) using an anti-goat HRP secondary (Santa 

Cruz Biotech, #sc-2354). For ARPE-19, HEK293T, and hTERT RPE-1, we used β-actin 

as the loading control. For NIH/3T3, we used SDHA as a loading control. GLI3 isoform 

ratios are measured using band densitometry on a BioRad ChemiDoc.  

 

RNA isolation and qPCR  

Cells were grown in pairs of T-75 cell culture flasks until ~50-75% confluent. 

Cells were starved for a total of 48 hours. Half the flasks had their media replaced after 

the initial 24 hours with DMEM only + 1uM SAG. We dissociated the cells and extracted 

RNA using the Aurum Total RNA mini kit (Biorad, 7326820). We measured RNA 

concentration using a spectrophotometer (brand) and only included RNA that had an 

A260/280 >1.8. cDNA was generated using the BioRad iScript cDNA Synthesis kit. We 

set up qPCR reactions using the PowerUp SYBR Green Master Mix (Thermo Fisher 

Scientific, #A25741). For cell lines that required the touchdown qPCR protocol, we 

followed the protocol outlined in Zhang et al.18 Briefly, our protocol went as follows: 

50ºC (2 min), 95ºC (2 min), 4x [95ºC (20 sec), 65ºC (10 sec, decrease  
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Gene symbol Gene name Forward and Reverse Primer 

ACTB Actin Beta 5’-GAGCACAGAGCCTCGCCTTT-3’ 

5’-TCATCATCCATGGTGAGCTGG-3’ 
GAPDH Glyceraldehyde 3-phosphate dehydrogenase  5’-AGGTGAAGGTCGGAGTCAAC-3’ 

5’-TTCACACCCATGACGAACAT-3’ 

IPO8 Importin 8 5’-TGCAGTCCGGCCTACTGTTC-3’ 

5’-TGTAGGACTGGTTGAGCTCGTTC-3’ 

PUM1 Pumillio RNA Binding Family Member  5’-AAGGACAGCAGCAGGTTCTC-3’ 

5’-CCTTGTCCAAATGCAAGGGC-3’ 

RPLP0 Ribosomal Protein Lateral Stalk Subunit P0 5’-CGTCCTCGTGGAAGTGACAT-3’ 

5’-TAGTTGGACTTCCAGGTCGC-3’ 

SDHA Succinate dehydrogenase complex 

flavoprotein subunit A 

5’-GCATTTGGCCTTTCTGAGGC-3’ 

5’-TTGATTCCTCCCTGTGCTGC-3’ 

TBP TATA Binding Protein 5’-GTGACCCAGCATCACTGTTTC-3’ 

5’-AGAGCATCTCCAGCACACTC-3’ 

UBC Ubiquitin C 5’-CCGGGATTTGGGTCGCAG-3’ 

5’-TCACGAAGATCTGCATTGTCAAG-3’ 

YWHAZ Tryosine 3-Monooygenase.Tryptophan 5-

Monooygenase Activation Protein Zeta 

5’-GACACAGAACATCCAGTCATGG-3’ 

5’-TCATATCGCTCAGCCTGCTC-3’ 

18S97 18S rRNA 5’-AGAAACGGCTACCACATCCA-3’ 

5’-CACCAGACTTGCCCTCCA-3’ 

Actb Actin Beta 5’-TAGGCACCAGGGTGTGATG-3’ 

5’-TCTCCATGTCGTCCCAGTTG-3’ 

Gapdh Glyceraldehyde 3-phosphate dehydrogenase 5’-AATGTGTCCGTCGTGGATCT-3’ 

5’-ATACGGCTACAGCAACAGGG-3’ 

Ipo8 Importin 8 5’-ACAAGCTCTGCTGACTGTGC-3’ 

5’-CAGTGTCCTTCGGTGCTCTG-3’ 

Pum1 Pumillio RNA Binding Family Member 5’-GAAAGGTAAGGGGGAGCGAG-3’ 

5’-CTCATTCCACCAACACGGGC-3’ 

Rplp0 Ribosomal Protein Lateral Stalk Subunit P0 5’-TCCTCGTTGGAGTGACATCG-3’ 

5’-AGTTGGACTTCCAGGTCGC-3’ 

Sdha Succinate dehydrogenase complex 

flavoprotein subunit A 

5’-ACTGTTATTGCTACTGGGGGC-3’ 

5’-CCCTAGTGACCATGGCTGTG-3’ 

Tbp TATA Binding Protein 5’-GGTATCTGCTGGCGGTTTGG-3’ 

5’-GAAATAGTGATGCTGGGCACTG-3’ 

Ubc Ubiquitin C 5’-CCCACACAAAGCCCCTCAAT-3’ 

5’-AAGATCTGCATCGTCTCTCTCACG-3’ 

Ywhaz Tryosine 3-Monooygenase.Tryptophan 5-

Monooygenase Activation Protein Zeta 

5’-GGTATCTGCTGGCGGTTTGG-3’ 

5’-GAAATAGTGATGCTGGGCACTG-3’ 

Methods Table 3. Candidate qPCR reference gene names and primer sequences. 
We included 10 candidate reference genes for human-derived cell lines and 9 candidate 
gene reference genes for the NIH/3T3 murine-derived cell line.  

 



 

93 
 

3ºC/cycle, 72ºC (1 min)], 40x [95ºC (15 sec), 55ºC (15 sec), 72ºC (1 min)], ending with a 

melt temperature curve. qPCR data acquisition was performed on the Bio-Rad CFX96 

Touch Real-Time PCR Detection System. 

Human GLI1 primers  
Forward 5’-GATGACCCCACCACCAATCAGTAG-3’  
Reverse 5’-AGACAGTCCTTCTGTCCCCACA-3’ 
Human PTCH1 primers 
Forward 5’-GAGCACTTCAAGGGGTACGA-3’  
Reverse 5’-GGAAAGCACCTTTTGAGTGG-3’  
Mouse Gli1 primers  
Forward 5’-CCGACGGAGGTCTCTTTGTC-3’  
Reverse 5’-GCGTCTCAGGGAAGGATGAG-3’ 
Human Ptch1 primers 
Forward 5’-GAGCAGATTTCCAAGGGGAAG -3’  
Reverse 5’-CCACAACCAAAAACTTGCCG -3’  
 

RNA isolation and RNA-seq 

When ready to extract, frozen lysates were thawed and chloroform was added 

(Millipore #C2432), with the aqueous phase being used for RNA cleanup (RNA Clean 

and Concentrator kit, Zymo research, #R1013). Following RNA cleanup, RNA 

concentration and purity were determined using a spectrophotometer. RIN RNA purity 

was determined using the Agilent 2100 Bioanalyzer (#G2939BA). Total RNA samples 

were submitted to Novogene for Eukaryotic RNA-seq (cDNA library). Only samples with 

a RIN score ≥4 with smooth baseline, A260/280 >1.8-2.2, and A260/230 ≥1.8, as 

outlined by the company. Sample submission included RNA sample QC, mRNA library 

prep (poly A enrichment), Sequencing (Illumina – PE150 – 30M paired reads), data 

quality control, and raw data. Sequence data was generated in a single run in the same 

lane.  

Sequencing quality was assessed using FASTQC results. Read alignment was 

performed using GRCh38.p12 with reference genome GENCODE human release 30 

using STAR (v2.7.9a). The aligned BAM files were used for analysis and the number of 

reads that overlap each gene were counted using the featureCounts function in 

Bioconducted Rsubread125  package and gene definitions were used from the 
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GENCODE human release 30 GTF files. Read counts are used to compare the 

expression of each gene in different samples.  
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Chapter 5: Concluding Remarks 
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Our ability to identify genetic causes in individuals with Joubert syndrome (JS) 

has improved greatly over time, but we know less about how the genetic defects impact 

cellular function and result in the JS brain malformation and progressive characteristics 

seen in patients. Animal, cell, and human-derived cell models are providing clues for the 

function of JS-associated genes, and potential cellular defects that contribute to JS. JS 

is defined by a brain malformation unique among ciliopathies, so we hypothesize that ll 

of the genetic causes converge on a single cellular defect that results in the abnormal 

brain development central to JS. This shared defect or other cellular defects may 

contribute to the progressive organ features experienced by Individuals with JS and 

other ciliopathies. Identifying the mechanism(s) underlying JS will identify potential 

therapeutic targets for the variable features that will help individuals with JS live longer, 

healthier lives. Our understanding of the cellular mechanisms will also help us better 

understand the role of cilia during hindbrain development and how cilium dysfunction 

leads to the molar tooth sign.  

To determine whether aberrant Hh signaling could be a unifying mechanism 

present across genetic causes of JS, I first evaluated immortal cell lines to identify the 

most suitable for modeling Hh with JS gene dysfunction. hTERT RPE-1 cells met our 

criteria: human-derived, immortal, adherent, increased ciliation with serum starvation, 

genetically tractable, and were responsive to Hh signaling by relocalizing pathway 

proteins and upregulating pathway target genes. I then performed Hh pathway assays 

in a library of genome-engineered JS mutant lines, and while SMO localization and Hh 

target gene expression are frequently abnormal, we did not identify a shared Hh 

pathway dysfunction across 9 causes of JS. While our experiments cannot fully exclude 

a role for Hh dysfunction in the JS-related brain phenotype, and substantial evidence 

supports a role for Hh dysfunction in JS-related kidney disease.1  

In the short term, we will continue using our library of mutant cell lines to evaluate 

other aspects of Hh signaling. We would like to evaluate GPR161 in the mutant library 

and use this data to complement our SMO data. Recently, a manufactured rat ARL13B 

antibody became available, which offers an opportunity to co-stain SMO, GPR161, and 

ARL13B. This would allow us to measure differences in localization within the same 

cilia, making for more efficient data generation and help us better understand the 
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dynamic process of protein localization in response to pathway stimulation. Other 

parameters in our Hh assays that we are interested in adjusting are measuring Hh 

response at different SAG exposure time points and using different pathway activators 

(Shh-N and recombinant SHH). These experiments will add to our understanding of 

differences between control and mutant response to pathway stimulation.  

Another route we plan to take in the short term is using our RNA-seq data to 

generate new hypothesis-based questions and identify genes with changes in 

expression with pathway stimulation. This includes looking at expression of known 

pathway-related genes (i.e. GPR161, TULP3, KIF7), identifying genes that change 

expression with pathway stimulation in controls, and identifying genes that change 

expression in mutants but not controls. In a broader sense, we also want to determine 

how other signaling pathways respond to Hh pathway stimulation. In Chapter 3, there 

was a pattern of blunted Hh signaling in a subset of mutants, but there were instances 

of downstream target gene expression having minimal perturbation when upstream 

SMO localization was perturbed. This could suggest other cilium-mediated signaling 

pathways could be affecting downstream pathway signaling in mutants. For example, 

WNT, PDGFα, Notch, and mTOR signaling are mediated by the primary cilium.2–4 

Evidence of crosstalk between some of these pathways with Hh signaling is already 

known and breakdown of this crosstalk leads to disease states (i.e. cancer, diabetes).5–7 

A deep dive into this data set will help us determine whether multiple pathways are 

perturbed in JS and contribute to the underlying mechanism.  

In the medium term, I’d like to see our lab expand the mutant library and 

incorporate additional tools to help us understand whether Hh signaling is abnormal 

across genetic causes of JS. I would like to see the library expand by number of genes 

represented and by the cell types used to generate the mutants. We started with 9 JS-

associated genes that span the different ciliary subdomains, but there were limitations in 

some of the genes we selected. For example, CPLANE1 and TMEM67 mutants did not 

ciliate at high proportions, which did not allow us to measure SMO fluorescence 

intensity, while CC2D2A mutants ciliated at moderate proportions and were the only 

data we had for transition zone mutants in our SMO data set. We would want to include 

more transition zone mutants to determine any shared SMO localization patterns and 
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expanding the number of genes represented in other ciliary subdomains will help us 

better identify any shared patterns in response to Hh stimulation. JS affects multiple 

organs, including the brain, eye, kidney, and liver. We selected hTERT RPE-1 cells 

based on their response to Hh signaling in vitro, but incorporating other cell types that 

represent organ systems affect by JS will help us better understand the broader disease 

mechanism(s) of JS. Human renal cortical tubular epithelial cells (RCTE) have been 

used to determine differences in GLI3 processing in a model of HYLS18 and could be a 

useful cell type to generate mutants in.  

At the experimental level, I’d want to incorporate other means of measuring 

changes in Hh response. Our current experiments look at response to pathway at one 

time point in fixed cells. We could consider incorporating the GLI luciferase assay, 

which measures the activity of GLI transcription factors over time by expressing a GLI-

8x plasmid.9 We determined GLI1 expression in cilium proper and transition zone 

mutants was lower 24-hours after SAG exposure. Being able to measure changes in 

GLI activity across time points using the GLI-8x plasmid could determine if mutants 

responded faster or slower to pathway stimulation, and if the blunted response is 

consistent.  

In the long term, we would want to pair our experiments in immortal cell models 

with the library of patient-derived JS cell lines available in our library. Once we identify a 

potential JS mechanism, we would use our patient cell lines to validate our findings. 

Validating any potential mechanism in patient-derived cells will allow for the possibility 

to identify therapeutic targets to dampen the severity of the variable features of JS. If 

time and money were not a factor, we would expand our cell library to include induced 

pluripotent stem cells (iPSC) and potentially move towards non-human primates. This 

would bring us closer to understanding what neural types are affected by JS-variants 

and how different cell types, derived from the same iPSC parent line or in the same 

animal, are affected by the same variant/mutation.  

While we did not identify a shared difference in Hh signaling response, we took 

an approach that differed from what is typically done. Instead of focusing deeply on a 

single gene, we looked broadly across genetic causes of JS using the same assays, 

which helped us determine that in SMO localization and target gene induction are not 
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consistently perturbed across genetic causes of JS. My work has generated mutant cell 

lines and data sets to use to further explore Hh signaling and other candidate 

mechanisms for JS. My results will help guide future work to evaluate other aspects of 

Hh signaling in cell-based and animal-based models for JS and other ciliopathies. 
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Abnormal 
SMO 

localization 

Abnormal 
GLI2 

localization 

Abnormal 
GLI3 

localization 

Abnormal 
GPR161 

localization 

Abnormal 
GLI2 WB 

Abnormal 
GLI3 WB 

Abnormal 
GLI1 

mRNA 

Abnormal 
PTCH1 
mRNA 

Abnormal 
SHH 

mRNA 

Abnormal 
GLI1 in 

situ 

Abnormal 
PTCH1 in 

situ 

Abnormal 
neural 
tube (in 
situ/IF) 

Polydactyly 

AHI1 KO1 NL           AB NL           
ARL13B 

KO/null2–9 
AB  
NL NL AB     NL AB AB AB     AB AB 

ARL13B 
KD5,6,10 AB NL AB       AB AB  

NL           

ARL3 KD11,12 AB   AB     AB               
ARMC9 
KO/null13 NL AB AB                     

B9D1 
KO/null14 AB         AB AB AB       AB AB 

B9D1 KD15 AB                         

B9D2 KD15                         AB 
C2CD3 KD16–

18         AB AB   AB AB AB AB AB AB 

CC2D2A 
KO/null14,19,20 AB                     AB AB 

CC2D2A 
KD14,19,20 AB                         

CEP41                           

CEP83                           
CEP104 
KD21,22 AB   AB AB                   

CEP120                           
CEP290 

KO/null23–26 AB AB   AB    AB AB           

CEP290 
KD23–26 

AB  
NL 

       AB AB  
NL   NL         

CPLANE1 
KD27             AB AB           

CSPP1 
KO/null22,28 AB                         

CSPP1 
KD22,28             AB             

FAM149B1 
KD29             AB AB         AB 

HYLS1 KD30     AB AB     AB AB           
IFT7172 

KO/null31–37 AB         AB AB      AB  AB   

IFT7172 
KD31–37             AB     AB AB   AB 

INPP5E 
KO/null38–41 AB AB AB AB AB AB AB AB       AB AB 
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KATNIP                           
KIAA0586 

KO/null42–46         AB   AB AB   AB AB AB AB 

KIAA0586 
KD42–46           AB AB AB       AB AB 

KIAA0753 
KD47             AB AB AB         

KIF7 
KO/null48–55 NL AB AB   AB AB AB  

NL AB   AB AB AB AB 

KIF7 
KD11,27,52,56–61 NL AB AB   AB AB NL AB  

NL     AB AB AB 

MKS1 
KO/null37,62–64 AB     AB           AB AB AB AB 

MKS1 
KD37,62–64                   AB AB AB AB 

NPHP1                           

NPHP4                           

OFD1 KD65           AB AB AB AB         

PDE6D                           

PIBF1                           
RPGRIP1L 
KO/null66–68           AB AB AB     AB AB AB 

RPGRIP1L 
KD66–68 AB           AB AB           

SUFU 
KO/null55,69–79   AB AB AB AB AB AB  

NL AB AB AB AB AB AB 

SUFU 
KD55,73,75,76,80–

83 
AB       AB  

NL AB AB AB AB  AB  AB AB 

TCTN1 
KO/null19 AB         AB       AB AB   AB 

TCTN2 
KO/null19,84–86 AB         AB AB AB       AB AB 

TCTN2 
KD19,84–86                         AB 

TCTN3 
KO/null87,88 AB                     AB AB 

TCTN3 
KD87,88         AB AB AB AB         AB 

TMEM67 
KO/null19,89 NL               AB     AB   

TMEM67 
KD19,89             NL NL   NL AB     

TMEM107 
KO/null90,91                         AB 

TMEM107 
KD90,91             AB     AB AB AB AB 
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TMEM138                           
TMEM21692 

KD                         AB 

TMEM218                           
TMEM231 
KO/null14             AB         AB AB 

TMEM231 
KD14 AB                         

TMEM237                           
TOGARAM1 

KD93 AB                         

Appendix Table 1. Overview of Hedgehog readouts from the literature divided by knockout/null and knockdown 
models. Readouts of Hedgehog assays were categorized as normal (NL) if there was no statistical difference between 
controls and mutants or if authors categorized the results as normal. If there was a statistical difference between controls 
and mutants or if authors categorized results as different between control and mutants, than results were categorized as 
abnormal (AB). Models were categorized as knockout/null based on available functional assays, whereas all other models 
were categorized as knockdown. Human cell lines that did not have any functional data available were categorized as 
knockdowns. References are the same as Table 1.2. 
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Abnormal 
SMO 

localization 

Abnormal 
GLI2 

localization 

Abnormal 
GLI3 

localization 

Abnormal 
GPR161 

localization 
Abnormal 
GLI2 WB 

Abnormal 
GLI3 WB 

Abnormal 
GLI1 

mRNA 

Abnormal 
PTCH1 
mRNA 

Abnormal 
SHH 

mRNA 

Abnormal 
GLI1 in 

situ 

Abnormal 
PTCH1 
in situ 

Abnormal 
neural 

tube (in 
situ/IF) 

Polydactyly 

AHI11 NL: M cells      M cells NL: M 
cells 

     

ARL13B 
KO/null2–9 

M, H cells 
NL: M cells NL: M cells M cells H cells  NL: M 

cells 
M cells  

M tissue 
M cells  

M tissue M tissue   M  M 

ARL13B 
KD5,6,10 M cells NL: M cells M cells    M, H 

cells 
H cells  
NL: M 
cells 

     

ARL311,12 M cells  M, H cells   H cells        

ARMC913  NL: M cells M cells M cells           

B9D114,15  M cells     M tissue M cells  
M tissue M cells    M M 

B9D215              H 

C2CD3 KD16–

18 
    C tissue M, C 

tissue 
 C tissue C tissue M, C 

tissue M tissue M M, C 

CC2D2A14,19,20  M cells           M M, C 

CEP41              

CEP83              

CEP10421,22 H cells  H cells H cells          

CEP120              

CEP290 
KO/null24,25 PT cells PT cells  PT cells   PT cells PT cells      

CEP290 
KD23,26 

M cells 
NL: M cells 

    M tissue 

M tissue  
M cells  

NL: M, H 
cells 

 NL: H 
cells 

    

CPLANE127        PT cells PT cells      

CSPP122,65  H cells      PT cells       

FAM149B129        PT cells PT cells     H 

HYLS1 KD30   H cells H cells   H cells H cells      

IFT7172 
KO/null31–37 M cells     M tissue M cells   M tissue M tissue M M 
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INPP5E 
KO/null38–41 M cells M cells M cells M cells  

M tissue M tissue M tissue M tissue  
M cells M cells    M M 

KATNIP              

KIAA0586 
KO/null42–46 

    M tissue PT cells  
C tissue 

M tissue  
PT cells 

M tissue  
PT cells 

 M tissue M tissue M, C M, C 

KIAA075347        PT cells PT cells H cells     

KIF7 
KO/null48–55 NL: M cells M cells M cells  M tissue M tissue 

M cells  
NL: M 
cells 

M cells  M cells M tissue M M 

KIF7 
KD11,27,52,56–61 NL: M cells M cells M H cells  M tissue M, H 

tissue 
NL: Z 
tissue 

H tissue 
NL: Z 
tissue 

 M, Z 
tissue 

 M M, H 

MKS137,62–64  M cells   M cells      M tissue M tissue M M 

NPHP1              

NPHP4              

OFD165       M tissue M tissue M tissue M tissue     

PDE6D              

PIBF1              

RPGRIP1L66–

68 PT cells     M tissue M cells, 
PT cells 

M cells, 
PT cells 

 M tissue  M M 

SUFU 
KO/null55,69–79 

 M cells M cells M cells M cells  
M tissue 

M cells  
M tissue 

M cells M 
tissue  
NL: M 
tissue 

M tissue M tissue M tissue M tissue M M 

SUFU 
KD55,73,75,76,80–

83 
PT cells    

M tissue 
NL: M 
tissue 

M cells  
M tissue 

M cells  
M tissue 

M cell  
M tissue M tissue M tissue  M M 

TCTN119  M cells     M tissue    M tissue M tissue  M 

TCTN219,84–86  M, H cells     M tissue M cells M cells    M M, H 

TCTN387,88  M cells    M tissue PT cell  
M tissue 

M cells  
M tissue 

H cells  
M tissue 

   M M, H 

TMEM67 
KO/null19,89 NL: M cells        M tissue   M  

TMEM67 KD94       NL: Z 
tissue 

NL: Z 
tissue 

 NL: Z 
tissue Z tissue   

TMEM107 
KO/null90,91 

      PT cells   M tissue M tissue M M, H 

TMEM138              
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TMEM21692              H 

TMEM218              

TMEM23114  M cells      M tissue     M M 

TMEM237              

TOGARAM193  H cells             

Appendix Table 2. Overview of model systems used to determine Hedgehog assay readout. Different model 
systems were categorized by their origin: Human (H), Patient (PT), Mouse (M), Chick (C), Zebrafish (Z). References are 
the same as Table 1.2. 
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