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Abstract 

Primary cilia are a small microtubule based signaling organelle. Primary cilia can 

be found on almost every mammalian cell, including neurons and glia. Tau Tubulin 

Kinase 2 (TTBK2) is a critical regulator of the building of primary cilia, and mutations 

within Ttbk2 cause the adult-onset, neurodegenerative disease, Spinocerebellar Ataxia 

type 11 (SCA11). SCA11 is characterized by a loss of Purkinje neurons throughout the 

cerebellum causing ataxic phenotypes in affected individuals.  

Given this connection, this body of work aims to define the role of primary cilia 

in maintaining neuron homeostasis through further defining roles of Ttbk2 both in 

ciliary biology as well as it’s neuronal functions. Using various genetic mouse models, I 

have found new roles for Ttbk2 in cilium stability and function that may help explain in 

part the etiology of  SCA11. I then go on to further characterize the roles for primary 

cilia in neurons using Ttbk2 genetic knockouts. I have found that primary cilia are 

essential for Purkinje cell survival and have characterized a new mouse model of SCA11.  
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1. Introduction: Primary cilia on neurons - potential for 
uncovering new signaling capabilities 

1.1 Primary cilia formation and function 

Primary cilia are small, microtubule-based organelles that extend from the 

surface of most mammalian cell types. Their presence was first noted in 1961 by Barbara 

Barnes on the epithelium required for secretion from the pituitary gland in mice (Barnes 

1961), though were quickly dismissed as evolutionary artifact by cellular biologists and 

thought to not have any functional role. Now, more than fifty years later, these small 

structures have been found to be essential for many signaling cascades important for 

mammalian development (Goetz and Anderson 2010). This importance is proven by the 

ciliary localization of many key signaling effectors for pathways such as Hedgehog (Hh), 

Wnt, Notch, and Hippo (Wheway, Nazlamova, and Hancock 2018). Primary cilia can be 

found on most mammalian cell types that are in a quiescent state of the cell cycle 

(Plotnikova, Pugacheva, and Golemis 2009). These signaling structures are composed of 

a specialized centriole, and an axoneme that consists of nine microtubule doublets 

arranged in a circular fashion to form a tube-like structure. Assembly of the primary 

cilium happens in a very organized and hierarchical fashion starting with the 

maturation and docking of the mother centriole from which the microtubule-based 

axoneme is built (Kobayashi et al. 2014; Schmidt et al. 2012). Ciliogenesis that proceeds 

after centriole maturation depends on the removal of key ciliogenesis inhibitors, 

Centriolar Coiled-Coil Protein 110 (CP110) and Centrosomal Protein 97 (CEP97) (Spektor 
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et al. 2007). The release of this inhibition is done by the recruitment of the serine-

threonine kinase, Tau Tubulin Kinase 2 (TTBK2) which is required for the removal of the 

CP110-CEP97 complex and axoneme elongation to follow (Goetz, Liem, and Anderson 

2012; Čajánek and Nigg 2014; Oda et al. 2014) (Fig. 1). Elongation of the axoneme 

requires the recruitment of certain intraflagellar transport proteins (IFT) which are 

mobilized by kinesin and dynein motor proteins. This same IFT machinery is needed for 

not only building the primary cilium, but also signaling and overall maintenance of the 

axoneme structure (Kozminski et al. 1993). IFTs can be further defined into two groups: 

IFT-A and IFT-B proteins. IFT-B proteins are required for anterograde transport from the 

base to the tip of the primary cilium, and IFT-A proteins are required for the reverse 

(Rosenbaum and Witman 2002; Prevo, Scholey, and Peterman 2017). 

 

Figure 1: Primary cilia assembly requires TTBK2. 

Once the primary cilium structure is established, it is used as a signaling center 

for certain molecular mechanisms. This is evident by the numerous papers that report 

signaling factors specific to pathways are localized throughout parts of the cilium 
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(Haycraft et al. 2005; Huangfu and Anderson 2005; Rohatgi, Milenkovic, and Scott 2007; 

Ezratty et al. 2011; M. Kim et al. 2014; Ezratty, Pasolli, and Fuchs 2016). The mammalian 

Hh pathway is one such signaling mechanism that relies on key factors to be localized to 

distinct regions throughout the cilium for efficient signal transduction (Bangs and 

Anderson 2017) (Fig. 2). Mouse genetic screens revealed that proteins important for 

ciliogenesis, were also required for efficient Hh signaling, indicating a close relationship 

exists between the two. It was later confirmed that mutations in genes responsible for 

Hh signaling can confer a set of genetic diseases called “ciliopathies,” and that 

overactive Hh signaling has been implicated in several cancers (Han et al. 2009; Wong et 

al. 2009) highlighting the dynamic importance of these structures. Other signaling 

mechanisms such as Wnt, Notch, and Hippo have been found to not only localize 

specific signaling factors to the primary cilium, but certain signaling components of 

these mechanisms are required for ciliogenesis. However, future research is needed in 

order to elucidate why the specific localization of certain proteins to the ciliary axoneme 

is important for signal transduction. Before a cell enters the S phase of the cell cycle, 

primary cilia are disassembled by a number of possible mechanisms such as ciliary 

excision (Phua et al. 2019), or resorption (Pugacheva et al. 2007), and a cell goes on to 

complete mitosis without the presence of the primary cilium.  
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Figure 2: Primary cilia, and primary cilia signaling, are required for 

mammalian development. 

(A) A section through the developing mouse mesenchyme depicting primary cilia 

present throughout. (B) Example of the localization of Shh effectors Smoothened (Smo) 

and GLI Family Zinc Finger 2 (Gli2). (C) Representative mouse embryos at embryonic 

day 10.5 (e10.5) of wild type (left) and an example of a cilia mutant (right). 

 

Most neurons and glia throughout the brain are terminally differentiated and 

postmitotic. Numerous populations of these specialized cells have been found to possess 

a primary cilium (Arellano et al. 2012; J. E. Lee and Gleeson 2011; Fuchs and Schwark 

2004; Bishop et al. 2007), and their development depends on primary cilia signaling from 

the start. In the very early embryo, neurogenesis begins with the patterning of the 

embryonic neural tube which has populations of stem cells that reside in distinct 
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locations defined by secreted morphogens (Dessaud, McMahon, and Briscoe 2008). 

Many cilia mutants have been found to disrupt these morphogen gradients, which are 

set up by the secretion of Shh at the basal floorplate (Huangfu et al. 2003), indicating that 

primary cilia are required for this early developmental patterning mechanism. Other 

examples of primary cilia being important for neuronal development is the expansion of 

neural progenitors of the cerebral cortex being dependent on signaling mechanisms 

regulated by primary cilia. If components of the IFT protein complexes are disrupted at 

a specific time in the development of the cortex, groups have shown that progenitor cells 

are expanded exponentially, yet do not go on to differentiate properly, causing 

microcephaly (Wilson et al. 2012). Similar developmental abnormalities have been seen 

in the developing cerebellum as well demonstrating that the expansion of granule 

neurons and morphogenesis of cerebellar folds depends on proper primary cilia 

function (Chizhikov et al. 2007; Spassky et al. 2008). Indeed, proper neuronal 

development depends on primary cilia signaling mechanisms (Youn and Han 2017); 

however, questions remain on how these structures function on neurons and glia after 

development is complete. The remainder of this review chapter will address our current 

understanding of these specialized structures on neurons, their links to neurological and 

neurodegenerative diseases, and the importance of uncovering their signaling 

capabilities as a potential therapeutic target. 
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1.2 Ciliopathies and neurological deficits - questions 
unanswered  

When primary cilia assembly or function is impaired, a class of human diseases 

known as ciliopathies occur. Ciliopathies are a large group of recessive genetic diseases 

that span a wide variety of organ systems. Currently there are 34 defined ciliopathies, of 

which over 180 causative genes have been found to contribute to ciliopathy pathologies. 

There are over an additional 200 associated genes that have been proposed to potentially 

contribute to these pathologies through genetic and proteomic analyses (Reiter and 

Leroux 2017). Given that primary cilia are found on nearly every cell type, and 

important for organ development and function, it may not come as a surprise that 

ciliopathy phenotypes encompass nearly every major organ system. There are plenty of 

common phenotypes shared between ciliopathy patients such as obesity, retinal 

degeneration, anosmia, skeletal and craniofacial abnormalities, sterility, kidney and liver 

cysts. The main phenotype which is of particular interest for this review are the 

cognitive impairments and mental disabilities presented in a number of ciliopathies such 

as Bardet-biedel syndrome (BBS) (Forsythe and Beales 2013) and Joubert syndrome 

(JBTS) (Parisi et al. 2007).  

One of the first hints that primary cilia are important for adult neurological 

function was the recognition that members of the BBSome complex are required for the 

localization of key GPCRs on neuronal cilia (Berbari et al. 2008). The BBSome complex is 

a group of eight BBS proteins that when dysfunctional, cause ciliopathy phenotypes 
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seen in BBS patients. The BBSome is required to help shuttle IFT cargoes into and out of 

the primary cilia membrane (Wingfield, Lechtreck, and Lorentzen 2018). Berbari et al. 

found that in BBS models with nonfunctional Bbs2 and Bbs4 genes, that the neuronal 

cilia G proteins SSTR3 and MCHR1 were not properly localized to a subset of neurons 

within the mouse hippocampus. They then go on to propose that this lack of localization 

within these neuronal cilia could contribute to cognitive deficits seen in BBS patients, as 

aberrant neurotransmission as an effect of dysfunctional somatostatin signaling has been 

implicated in other instances of cognitive impairment.  

 The genetically heterogeneous ciliopathy JBTS has mutations in over 30 

genes that confer the disease (Reiter and Leroux 2017). One such associated gene that is 

particularly interesting to this focus is ADP Ribosylation Factor Like GTPase 13B (Arl13B) 

(Cantagrel et al. 2008). Within the cilia field ARL13B is a robust marker of the primary 

cilia axoneme membrane, and has a host of molecular responsibilities such as 

maintaining ciliary membrane composition and mediating Hh signaling (Mariani et al. 

2016; K. He et al. 2018). Recently it was found that ciliary Arl13b is responsible for being 

able to define the synaptic connectivity of interneurons in the striatum (Guo et al. 2017). 

The ability for interneurons to maintain proper connections throughout the striatum has 

been found to be implicated in a number of neuropsychiatric disorders. Guo et al. found 

that selectively ablating ARL13B from primary cilia on post-migratory interneurons 

inhibits their ability to form essential connections, impairing their function. These 
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impairments were noted not only in the striatum, but also the cerebral cortex and 

hippocampus, demonstrating a shared importance of ciliary ARL13B across brain 

regions. Within this study, when the ciliary GPCR SSTR3 was overexpressed in Arl13b 

negative cilia, interneuron connectivity was rescued, which confirms that ciliary GPCR 

signaling within interneurons is essential to their function. Further studies will be 

needed to understand how GPCR signaling regulated by neuronal primary cilia 

modulates neuronal function in a synaptic-independent way. Answers to this question 

could aid in an overall understanding of the cognitive deficits present in JBTS patients. 

 1.3 Do neurons need primary cilia to survive? 

In recent years as primary cilia have continued to be noted on neurons 

throughout the mammalian brain, questions mounted as to their function. Clues to the 

function of primary cilia on terminally differentiated neurons is found within the 

number of specialized receptors that have been found to localize to the axoneme within 

neuronal cilia. Proteomics efforts have found that to date, over 20 different GPCRs 

localize within the axonemal membrane of neuronal primary cilia (Hilgendorf, Johnson, 

and Jackson 2016). A number of these transmembrane proteins known to be important 

for complex neurological functions localize to cilia, including somatostatin receptor 3 

(SSTR3), dopamine receptor (DR1), and melanin-concentrating hormone receptor 1 

(MCHR1) (Domire et al. 2011; Berbari et al. 2008; Händel et al. 1999), however a 

functional mechanism for neuronal primary cilia remains elusive. Further clues can be 
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found by the amount of evidence that shows neurodegenerative and neuropsychiatric 

disorders have links to these neuronal primary cilia.  

Huntington’s disease (HD) indirectly implicates primary cilia in its pathology. 

The protein implicated in HD, Huntingtin (HTT), is a microtubule-associated protein 

that aids in the intracellular trafficking of various vesicles. Wild-type HTT has been 

found to have a number of protein-protein associations with key regulators of 

ciliogenesis including pericentriolar material 1 (PCM1) (Keryer et al. 2011). PCM1 and 

other centrosomal proteins are important for ciliogenesis in regulating the accumulation 

of structural components around the centrioles in order to begin the building of the 

ciliary axoneme (J. Kim, Krishnaswami, and Gleeson 2008; Odabasi et al. 2019). Keryer et 

al. found that pathogenic HTT protein, which harbors an expansion of polyglutamine, is 

associated with abnormally long primary cilia due to the accumulation and 

mislocalization of the PCM1 protein at the centriole. However, complete loss of HTT 

within the mouse causes a lack of primary cilia due to impaired retrograde trafficking of 

PCM1. These findings are compounded by the finding that in other contexts such as 

xenopus development, Htt is required for proper embryogenesis. Embryos null for Htt 

are embryonic lethal and lack primary cilia (Haremaki, Deglincerti, and Brivanlou 2015) 

These phenotypes can be rescued with not only wild-type HTT, but also a polyQ 

expanded variant, further indicating pathogenic HTT is involved in ciliogenesis. These 

phenotypes are similar to those seen in the mouse, where genetic Htt null mutants fail to 
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develop past gastrulation (Nasir et al. 1995). Furthermore, HTT has been found to be 

localized at the base of primary cilia as well as throughout various kinds of specialized 

cilia such as photoreceptors, neuronal primary cilia, olfactory cilia, and multiciliated 

cells of the mouse trachea (Karam et al. 2015). Therefore, it is possible that HD patients 

have irregular ciliary axonemes, impairing ciliary function, which contributes to the 

etiology of this disease. 

Alzheimer’s disease (AD) is the most common form of dementia in today’s 

population. Increased patient numbers due to an ever-increasing aging population 

highlights a critical importance to continue to understand this disease that so far does 

not have an early biomarker or curative therapy. Alzheimer’s is caused by the 

accumulation of amyloid-beta (Aβ) plaques that inhibit neuronal function throughout 

the cerebral cortex (J. Wang et al. 2017). One of the first clues that potentially primary 

cilia could be implicated in AD was the finding that an important receptor, p75(NTR), of 

which Aβ plaques are a ligand for, is colocalized to a subset of SSTR3+ cilia in the 

dentate gyrus, a hot spot for Aβ plaque accumulation in the brain (Chakravarthy et al. 

2010). Furthermore, in triple transgenic mouse models for Alzheimer’s disease, SSTR3+ 

cilia throughout the neurons of the dentate gyrus, are shortened in diseased brains 

surrounded by these pathogenic plaques (Chakravarthy, Gaudet, Ménard, Brown, 

Atkinson, Laferla, et al. 2012; Chakravarthy et al. 2010)). Additional studies by 

Vorobyeva and Saudners have gone on to show that addition of Aβ plaques onto cells 
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grown in culture also causes cilia shortening and disrupts downstream cilia-specific 

hedgehog signaling factors. They also showed that amyloid precursor protein (APP) 

which is required to produce Aβ plaques due to its proteolytic cleavage capabilities, is 

localized to the ciliary membrane (Vorobyeva and Saunders 2018). Ongoing studies are 

needed to understand the relationship shared between primary cilia signaling and the 

onset of Alzheimer’s disease.  

Parkinson’s disease (PD) is a neurodegenerative condition of the dopaminergic 

neurons found in the substantia nigra part of the brain (Davie 2008). A handful of 

genetic mutations associated with PD are associated with the leucine-rich repeat kinase 2 

(LRRK2) (Zimprich et al. 2004). Links established between LRRK2 and primary cilia 

were found in a proteomic analysis of LRRK2 phosphorylation targets, of which many 

Rab GTPases were found to be key substrates of LRRK2 (Steger et al. 2016). Further 

analysis revealed that ciliogenesis regulator RILPL1/2 interacts with these 

phosphorylated forms of Rab GTPases in a LRRK2 dependent manner (Steger et al. 

2017). Within the same study Sterger et al. then went on to show that fibroblasts derived 

from mouse models of LRRK2-mediated PD have reduced cilia numbers. Interestingly, 

the specific mouse model the study used was for a mutation in LRRK2 that makes the 

kinase to be overactive, highlighting an important role for precise kinase amount and 

cilia function. Additional studies have shown cilia reduction in intact brain mouse 

models of PD with a different mutation within LRRK2 (Dhekne et al. 2018), in which 
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these mutant cells have reduced sensitivity to hedgehog signaling, indicating a potential 

neuro-protective circuit employed by ciliary signaling.  

While not a distinctly neurodegenerative disorder, Schizophrenia presents an 

interesting neuropsychiatric disorder that provides insight to primary cilia function 

regulating neuronal fitness. The gene, Disrupted in Schizophrenia 1 (Disc1), is one of the 

main biomarkers of an affected individual that will develop schizophrenia, or similarly 

related psychiatric disorders (Schwab and Wildenauer 2009). Work from Mark Von 

Zastrow’s lab has shown that DISC1 localizes to the base of primary cilia in close 

association with PCM1 in mammalian NIH3T3 cells as well as cultured rat hippocampal 

neurons. This localization of DISC1 colocalizes with various dopamine receptors known 

to be expressed in neuronal primary cilia.  Remarkably, depletion of DISC1 causes 

disruption of IFT88, followed by primary cilia disassembly on the hippocampal neurons, 

and this phenotype is rescued when DISC1 is overexpressed. Genetic screens for 

potential regulators of schizophrenia and bipolar disorder that also interact with DISC1 

revealed a candidate list of 20 genes that when knocked down in culture, disrupted 

primary cilium assembly (Marley and von Zastrow 2012). This screen produced hits that 

have been previously found to regulate primary cilia growth and function such as IFT88, 

NEK4, SYNE1, and SDCCAG8, validating DISC1 function in regulating primary cilia, 

and adding further interest in understanding primary cilia links to neurological 

disorders.  
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1.4 Spinocerebellar ataxias - models for understanding the link 
between primary cilia and neuron homeostasis.  

Our lab has focused on the functions of the serine threonine kinase Tau Tubulin 

Kinase 2 (TTBK2) to better understand ciliary signaling mechanisms throughout tissues. 

Our analyses have found that TTBK2 is essential for ciliogenesis to occur through its 

ability to remove CP110 from the mother centriole, and recruit IFT factors to begin 

building the ciliary axoneme (Goetz, Liem, and Anderson 2012). Building off this critical 

link, others have shown additional important interactions with distinct sets of 

centrosomal proteins to recruit TTBK2, as well as function as targets of TTBK2 to ensure 

ciliogenesis continues properly (Čajánek and Nigg 2014; Lo et al. 2019). Additional roles 

for TTBK2 include functioning as a microtubule plus end binding protein together with 

EB1/3 to direct the phosphorylation of KIF2A to inhibit its microtubule 

depolymerization functions (T. Watanabe et al. 2015). 

Spinocerebellar Ataxias are a class of neurodegenerative diseases that cause 

degeneration of the cerebellum (Klockgether, Mariotti, and Paulson 2019). The 

autosomal dominant, neurodegenerative disease Spinocerebellar ataxia type 11 (SCA11) 

is typified by the loss of Purkinje cells (PCs) throughout the cerebellum and has been 

found to be caused by deletion mutations within Ttbk2 (Johnson et al. 2008; Houlden 

2008; Houlden et al. 2007). A handful of familial mutations are found directly after the 

kinase domain of Ttbk2 which confer a premature stop codon to be produced, and a 

stable protein product to be made. Additional mutations have recently been found 
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within the c-terminus of Ttbk2 but have not yet been validated (Deng et al. 2019). Given 

what we know about TTBK2 as a critical regulator of ciliogenesis, and that Ttbk2 is 

mutated in a form of spinocerebellar ataxia, this makes Ttbk2 an ideal target to study the 

relationship that exists between primary cilia function and neurological disease.  

Through careful genetic analyses, we further defined the roles for TTBK2 in cilia 

function by investigating the specific functions that underlie the SCA11-associated allele 

of Ttbk2 (Bowie et al. 2018). We found that TTBK2 is involved not only in cilium 

assembly, but also cilium stability once the axoneme is built. A Ttbk2 allelic series 

revealed that SCA11-associated alleles of Ttbk2 inhibit ciliogenesis, ciliary signaling, and 

when challenged with a microtubule depolymerizing agent, quickly disassemble cilia 

that are built. This inhibition of stability is due to an accumulation of KIF2A at the base 

of cilia, depolymerizing microtubules and causing instability. These analyses confirmed 

that SCA11 is a dominant negative to wild-type TTBK2 function, though the direct 

mechanisms through which SCA11 imparts this effect needs further investigation.  

Additional experiments to understand the connection between neurons and 

primary cilia in mice have shown that when Ttbk2 or Ift88 are knocked out in the adult 

mouse brain, neurodegeneration occurs over time (manuscript in revision). In aged 

Ttbk2 or Ift88 conditional mutations, PCs degenerate over time by first losing important 

synapses throughout their dendritic tree, to complete loss of a number of PC soma by six 

months of age. These neuronal changes are preceded by the loss of primary cilia 
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throughout the cerebellum in both Ttbk2 and Ift88 conditional mutants. These 

experiments helped to further define primary cilia function on adult, terminally 

differentiated neurons.  

 Recently, more work has gone on to define other SCAs whose pathophysiology 

can be potentially explained in part by primary cilia dysfunction. SCA5 is caused by a 

deletion mutation in the β-III spectrin gene, Sptbn2 (Ikeda et al. 2006). Jia et al. showed 

that when the SCA5-associated mutated allele of β-III spectrin is expressed in C.elegans, 

axonemal microtubules are disrupted causing ciliogenesis and IFT defects (Jia et al. 

2019). Furthermore, they show that spectrins are expressed in the membrane of primary 

cilia in mammalian cells, indicating that potentially spectrin-based signaling is regulated 

by primary cilia and this signaling mechanism is impaired in instances of SCA5.  

An atypical recessive spinocerebellar ataxia, SCAR16, has also been found 

recently to have phenotypes that inhibit ciliary function (Porpora et al. 2018). Porpora et 

al. found that within the pericentriolar scaffold complex, a number of kinases together 

with an E3 ubiquitin ligase, CHIP, ciliogenesis and resorption are kept in check, and this 

process is mediated by PCM1. Importantly, this process is inactivated in SCAR16 human 

fibroblast samples, resulting in primary cilia being overly stable and not able to be 

reabsorbed, a phenotype that is similar to CHIP knockout. These results potentially 

indicate that cilium stability and turnover are of importance for regulating neuronal 

homeostasis.  
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SCA10 is caused by mutations within Ataxin10 (Atxn10) resulting in 

pentanucleotide expansion, which eventually causes degeneration of PCs as well as 

seizures (Matsuura et al. 2000). Atxn10 has also been found to be implicated as a JBTS-

NPHP gene causing ciliopathy phenotypes (Sang et al. 2011). A powerful proteomics 

approach from Sang et al. included high confidence interactor hits with JBTS, MKS, or 

NPHP and coupled it with human disease datasets to name Atxn10 as a new JBTS-NPHP 

disease candidate gene. They found that the protein product ATXN10 physically 

interacts with NPHP5, which is enriched at the centrosome of the primary cilium and 

physically interacts with a set of exocyst complex components known to be required for 

ciliogenesis. This puts Atxn10 as a gene to model not only cilia function, but also 

neurodegenerative phenotypes related to cilia dysfunction. 

1.5 Moving the field forward toward mechanism 

As a field, observations of cilia formation and function on neurons have 

advanced considerably in the past ten years. Both proteomics as well as sequencing 

approaches have opened the field for novel findings (Mick et al. 2015). Findings of 

specific GPCRs localized to neuronal primary cilia indicated that these extracellular 

structures likely perform complex signaling functions on terminally differentiated 

neurons. GPCR signaling is one of the most diverse signaling mechanisms within 

molecular biology. Not only has it been noted that GPCRs are enriched within the ciliary 

axoneme, but also GPCR signaling effectors can also be found enriched within the cilium 
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in a similar manner (Hilgendorf, Johnson, and Jackson 2016; Mykytyn and Askwith 

2017). Studies that selectively knock out GPCRs enriched specifically on neurons have 

shown that mice lacking these signaling factors are obese (Loktev and Jackson 2013; Z. 

Wang et al. 2009), which is a common phenotype found in ciliopathy patients. Using the 

genetics of ciliopathies will be important for the future of understanding the function of 

neuronal primary cilia. This is due in part because several ciliopathy patients present 

with phenotypes that have been linked to neuronal dysfunction such as obesity and 

cognitive impairments. The findings that specific BBS proteins are required to form 

neuronal cilia as well as to localize GPCRs within them shows the integral part primary 

cilia has in maintaining important neuronal connections. This suggests that primary cilia 

are in part essential for transducing GPCR signaling mechanisms within neurons; 

however downstream mechanisms remain unclear and will be important for elucidating 

the function of primary cilia to regulate neuronal GPCR signaling.  

This review highlights the links that currently exists between neurodegenerative 

and neuropsychiatric disorders. Many of the gene products implicated in conferring 

these diseases have been found to localize or interact with other key signaling factors 

that localize to neuronal primary cilia. In the future the invent of new tools for 

endogenously tagging and purifying specific genes of interest will be important moving 

forward. Being able to capture the “ciliome” as a distinct set of genes/proteins has been 

difficult in the past. However, with the newly emerging, highly sensitive in-vivo tagging 
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and Co-IP approaches available today, we are closer than ever to being able to capture 

specific signaling events within the primary cilium. Using the currently available mouse 

models of human neurodegenerative and neuropsychiatric disorders to define the cilia 

proteome within affected neurons will help to further uncover signaling networks 

governed by primary cilia that contribute to disease phenotypes. This will enable 

primary cilia to be at the forefront of uncovering new mechanisms of neurodegeneration 

once signaling capabilities are further characterized.  
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Figure 3: Neurodegenerative diseases with links to primary cilia function 

Schematic of the human brain with described neurodegenerative diseases that have been 

found to have links to primary cilia function. Overactive LRRK2 kinase as a model of 

Parkinson’s disease causes a loss of cilia on neurons within the substantia nigra. Cells 

with mutated form of Htt with polyQ expansions as a model of Huntington’s disease 

causes an increase in the accumulation of PCM1 protein and longer cilia; while complete 

knockout of Htt impairs ciliogenesis. Models of Alzheimer’s disease shows that cells 

within the dentate gyrus have shorter cilia in areas with Aβ plaques. Additionally, APP, 

needed to produce Aβ plaques, is localized to the ciliary axoneme. Models of SCAs have 

a variety of ciliary defects, such as shorter dysfunctional cilia, or overly stable cilia such 

as in SCAR16 models.  
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2. Spinocerebellar ataxia type-11 associated alleles of 
Ttbk2 dominantly interfere with ciliogenesis and cilium 
stability.  

The second chapter of this dissertation is a previously published manuscript of 

the same title of which I am the first author. This work was published in the journal 

PLoS Genetics on December 10th, 2018. The authors on this body of work are myself, 

Ryan Norris (a previous undergrad assistant to Dr. Sarah Goetz during her time as a 

postdoc), Dr. Kathryn V. Anderson (Dr. Sarah Goetz postdoc mentor), and my mentor 

Dr. Sarah Goetz. Together with Dr. Sarah Goetz, I helped in conceptualizing, designing, 

and completing experiments, analyzed data, produced figures, and aided in writing 

with Dr. Sarah Goetz. I generated most of the data in this manuscript, with the exception 

of images and analysis within Figures 1 and 2, which Dr. Goetz produced and Ryan 

Norris helped image.  

2.1 Summary  

Defects in primary cilia structure and function are linked to a number of 

recessive genetic disorders, now collectively referred to as ciliopathies. Most of the 

characteristics of these disorders arise from disruptions to embryonic development, with 

the requirements for primary cilia in adult tissues being less well-defined. We 

previously showed that a kinase associated with an adult-onset neurodegenerative 

condition is required for cilium assembly and ciliary signaling during development. 

Here, we show that the human disease-associated mutations act as mild dominant 



 

 

21 

negatives, interfering with the function of the full-length protein in cilia formation and 

ciliary signaling. 

2.2 Introduction 

Primary cilia play a critical role in many aspects of embryonic development. Cilia 

are important for the development of the brain and central nervous system, which 

accounts for the structural brain defects, cognitive impairments, and other neurological 

disorders that are characteristic of many human ciliopathies (Goetz and Anderson 2010) 

(Métin and Pedraza 2014) (Ruat et al. 2012). Cilia are present on a wide variety of 

neurons and astroglia within the adult brain, although the specific requirements for 

these organelles in the function of the adult brain are not well understood. 

In prior work, we identified a Serine/Threonine kinase, Tau tubulin kinase 2 

(TTBK2), that is essential for initiating the assembly of primary cilia in the embryo 

(Goetz, Liem, and Anderson 2012). TTBK2 is a 1244 amino acid protein (1243 amino 

acids in mouse) that was initially purified from bovine brain tissue as a microtubule-

associated protein(Tomizawa et al. 2001; Takahashi et al. 1995; Houlden et al. 2007). The 

protein is comprised of a kinase domain (AA 21–284), and a long C-terminus that is 

important for targeting TTBK2 to the mother centriole(Goetz, Liem, and Anderson 2012), 

as well as mediating its interactions with end-binding proteins at the microtubule 

+tips(Jiang et al. 2012), and likely for additional regulation of TTBK2 function. TTBK2 

was initially shown to phosphorylate the microtubule-associated proteins TAU and 
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MAP2 in addition to β-Tubulin in vitro(Takahashi et al. 1995), and more recent evidence 

suggests that TTBK2 can phosphorylate the centriolar distal appendage protein 

CEP164(Čajánek and Nigg 2014), as well as the atypical kinesin KIF2A at the 

microtubule +tips(T. Watanabe et al. 2015). 

In addition to the critical requirement for TTBK2 in ciliogenesis, particular 

dominant mutations that disrupt TTBK2 cause a hereditary ataxia, spinocerebellar ataxia 

type 11 (SCA11) (Houlden et al. 2007). Like other subtypes of SCA, SCA11 is a 

progressive neurodegenerative condition predominantly affecting the cerebellum. At the 

cellular level, SCA11 is characterized by cerebellar atrophy resulting from a 

degeneration of Purkinje cells (PCs) of the cerebellum. However, the molecular basis 

underlying this pathology as well as for the dominant mode of SCA11 inheritance 

remain unknown. Three different heterozygous, familial, SCA11-associated mutations in 

TTBK2 cause late-onset ataxia. These mutations are insertions or deletions of one or two 

bases that result in frame shifts and produce similar truncations of TTBK2 protein C-

terminal to the kinase domain, at approximately AA 450 (Houlden et al. 2007; Bauer et 

al. 2010). A fourth mutation in TTBK2 that causes an earlier-onset disease truncates the 

protein at AA 402(Lindquist et al. 2017). 

Because TTBK2 is essential for the biogenesis of primary cilia, which are in turn 

critical for the development of the nervous system, we hypothesized that the SCA11-

associated mutations disrupt the function of TTBK2 in cilia formation. In previous 
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structure-function experiments, we tested the ability of truncations of TTBK2 to restore 

cilia in Ttbk2 null mutant cells and found that those corresponding with the SCA11-

associated mutations were unable to rescue cilia formation. We also found that, when 

over-expressed in Wild-Type (WT) cells by retroviral transduction, these truncations 

also partially suppress cilia formation (Goetz, Liem, and Anderson 2012), suggesting the 

SCA11-associated truncations may act by interfering with the activity of the wild-type 

gene product. 

In the present study, we examined phenotypes of mice with SCA11-like 

truncating mutations knocked into the endogenous Ttbk2 locus. We found that, with 

respect to cilia, Ttbk2sca11 homozygotes are indistinguishable from the null allele. 

Specifically, in these mutants, cilia initiation fails and cilia-dependent SHH signaling is 

blocked. Using a series of Ttbk2 alleles, we showed that SCA11-associated truncated 

proteins dominantly interfere with the function of full-length (wild-type) TTBK2 in 

cilium assembly. In addition, these allelic combinations have uncovered a previously 

unappreciated function for TTBK2 in the regulation of cilia stability. TTBK2 localizes to 

the mother centriole prior to cilia formation and remains at the transition zone of the 

cilium following completion of assembly. In this study, we present evidence from 

hypomorphic allelic combinations that TTBK2 also acts after cilium initiation to regulate 

cilium stability, in part by countering a cilium disassembly pathway. 
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2.3 Results 

2.3.1 Embryos homozygous for a familial SCA11-associated mutation 
in Ttbk2 phenocopy Ttbk2 null embryos 

To examine the effects of SCA11-associated TTBK2 truncations on the function of 

the protein in mediating cilia formation and function, we used an allele of Ttbk2 in 

which a mutation precisely recapitulating one of the human SCA11-causing mutations 

was knocked into the mouse genomic locus. Ttbk2sca11/sca11 homozygous embryos were 

previously reported to die by E11, but their developmental and cellular phenotypes 

were not described (Bouskila et al. 2011). We found that E10.5 Ttbk2sca11/sca11 embryos 

exhibit morphological phenotypes that are strikingly similar to those that we previously 

described in embryos homozygous for an ENU-induced null allele of Ttbk2, Ttbk2bby/bby 

(Goetz, Liem, and Anderson 2012) (referred to from this point as Ttbk2null/null), including 

holoprosencephaly, a pointed midbrain flexure, and randomized heart laterality (Fig 

4A). The SHH pathway is essential for the patterning of many tissues within the 

developing embryo, including the neural tube, where a gradient of SHH from the 

notochord specifies and patterns ventral neural progenitors, including floorplate, V3 

interneuron progenitors, and motor neuron progenitors (Dessaud, McMahon, and 

Briscoe 2008). Similar to Ttbk2null/null embryos, the Ttbk2sca11/sca11 embryos exhibited neural 

patterning defects consistent with a failure to respond to SHH, including the absence of 

the NKX2.2+ V3 interneuron progenitors that require high levels of SHH activity, and 

ISL1+ motor neurons that are shifted ventrally to span the midline (Fig 4B vs. 4E and 4C 
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vs. 4F). We have also examined the phenotype of Ttbk2sca11/null, confirming that these 

embryos have the same phenotype (Fig 5). 

 

Figure 4: The phenotype of Ttbk2sca11/sca11 embryos is identical to that of the null 

allele 

 (A) Representative wild-type, Ttbk2null/null, and Ttbk2sca11/sca11 E10.5 embryos, as indicated. 

Scale bar = 1mm. Arrowheads point out the forebrain, which in Ttbk2null/nul and 

Ttbk2sca11/sca11 fails to form two distinct hemispheres (holoprosencephaly). * Indicates the 

midbrain flexure which in both mutants is narrowed and takes on a pointed appearance, 

similar to other mutants with disrupted cilia and SHH signaling. (B-C, E-F) Transverse 

sections through neural tubes of wild-type (B-C) and Ttbk2sca11/sca11 (E-F) E10.5 embryos. 

Sections were taken at the level of the forelimbs and immunostained for ISL1 (B, E) to 
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label differentiated motor neurons or NKX2.2 and OLIG2 (C, F) to label V3 interneuron 

progenitors and motor neuron progenitors, respectively. Scale bar = 100µm. (D, G) 

Mesenchymal cells surrounding neural tube of E10.5 WT and Ttbk2sca11/sca11 embryos, 

immunostained for ARL13B to label cilia (green) and γ-Tubulin (red).  Scale bar = 13µm 

 

 

Figure 5: Ttbk2sca11/null embryos phenocopy Ttbk2null/null and Ttbk2sca11/sca11 embryos 

(A,B) Representative Wild type (A) and Ttbk2sca11/null (B) E10.5 embryos. Scale bar = 1mm. 

(C,D) Mesenchymal cells surrounding neural tube of E10.5 Wild-type (C) and 

Ttbk2sca11/null (D) embryos. Sections are immunostained for cilia using ARL13b (red) and γ-

Tubulin (green). Scale bar = 20μm. (E,F) Transverse sections of E10.5 neural tubes of 

Wild-type (E) and Ttbk2sca11/null (F). Sections are immunostained for NKX2.2 to label V3 

interneuron progenitors and OLIG2 to label motor neuron progenitors. Scale bar 

=100μm. 

 

Ttbk2sca11/sca11 embryos lacked cilia in mesenchymal cells surrounding the neural 

tube (Fig 4D vs. 4G), as assayed by immunostaining for the ciliary membrane protein 

ARL13B. Mouse embryonic fibroblasts (MEFs) derived from Ttbk2sca11/sca11 embryos failed 

to recruit IFT proteins to the basal body and retained the cilium-suppressing 



 

 

27 

centrosomal protein CP110 at the distal mother centriole (Fig 6), cellular defects identical 

to those originally reported for the Ttbk2null/null allele (Goetz, Liem, and Anderson 2012). 

Truncated TTBK2 protein produced by the SCA11-associated mutations was reportedly 

detected in tissues from heterozygous knockin animals (Bouskila et al. 2011), however 

our data indicate that these truncations are unable to function in cilia formation, despite 

the inclusion of the kinase domain. To better understand how the SCA11-associated 

mutations might lead to a dominant neurological condition in humans, we next 

undertook a series of studies to investigate the effect of these truncations on ciliogenesis 

in the presence of varied amounts of full length TTBK2. 
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Figure 6: Cellular defects in Ttbk2sca11/sca11 cells recapitulate those seen in 

Ttbk2null/null. 

(A,B) MEFs of the indicated genotype were serum starved for 48 hours and 

immunostained for IFT88 (green) as well as γ-Tubulin (red) to label centrosomes and 

Acetylated α-Tubulin (magenta) to label the axonemes of cilia. Ttbk2sca11/sca11 cells lack cilia 

and also lack IFT88 at the mother centriole. (C,D). Serum starved MEFs were treated as 

above and stained for CP110 (green) and γ-Tubulin (red). Ttbk2sca11/sca11 cells retain CP110 

on both centrosomes in the absence of serum. Scale bar = 5µm. 

 

2.3.2 Decreased rescue of Ttbk2sca11/sca11 MEFs by TTBK2-GFP 

Neither Ttbk2null/null (Goetz, Liem, and Anderson 2012), Ttbk2sca11/null, nor 

Ttbk2sca11/sca11 embryos form any cilia (Fig 4, 5 and 6). However, in cells derived from 

Ttbk2null/null embryos, cilia can be fully rescued by expression of WT TTBK2-GFP via 
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retroviral transduction. We previously found that overexpression of TTBK2SCA11 in WT 

fibroblasts using the same method modestly suppresses cilia formation (Goetz, Liem, 

and Anderson 2012). This led us to propose that Ttbk2sca11 may be a dominant-negative 

(antimorphic) allele of Ttbk2. To test this hypothesis, we expressed WT TTBK2-GFP in 

MEFs derived from both Ttbk2null/null and Ttbk2sca11/sca11 embryos using the same retroviral 

transduction system we previously employed for rescue experiments and compared the 

ability of WT TTBK2 to rescue cilia formation in cells of these two genotypes. The 

frequency of cilia rescue was approximately 2-fold lower in Ttbk2sca11/sca11 MEFs compared 

to Ttbk2null/null MEFs (34.1 +/- 4.6% vs 66.2 +/-3.3%; p = 0.0002; Fig 7A and 7B). The 

intensity of ARL13B was also reduced in cilia of Ttbk2sca11/sca11 MEFs expressing TTBK2-

GFP compared to cilia in Ttbk2null/null MEFs (WT: 120.4 +/- 4.96 A.U., Ttbk2bby/bby+ TTBK2-

GFP: 103.2 +/- 3.37 A.U., Ttbk2sca11/sca11+ TTBK2-GFP: 58.93 +/- 6.14 A.U.; Fig 7C and 7D), 

although the cilia did not differ significantly in length (WT: 3.468 +/- 0.154, Ttbk2bby/bby+ 

TTBK2-GFP: 2.874 +/- 0.074, Ttbk2sca11/sca11+ TTBK2-GFP: 3.438 +/- 0.194, Fig 7C and 7E). 

Together, these results suggest that the ability of exogenous TTBK2-GFP to restore cilia 

in mutant fibroblasts is inhibited by the presence of the truncated TTBK2SCA11 protein in 

these cells. 
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Figure 7: A SCA11-associated allele of Ttbk2 interferes with wild-type TTBK2 

function in cilia formation. 

 (A, B) A comparison of rescue of cilia formation by WT TTBK2-GFP in MEFs derived 

from Ttbk2null/null embryos vs Ttbk2sca11/sca11 embryos. A representative field of cells from 

each condition is shown in (A) immunostained for ARL13B (green) and γ-Tubulin (red).  

Scale bar = 20µm. The mean percent of ciliated cells in Ttbk2null/null MEFs versus 

Ttbk2sca11/sca11 MEFs after rescue with TTBK2WT is shown in (B). The graph represents the 

average of 6 fields of cells across two independent experiments (null+TTBK2WT n= 172; 

sca11+Ttbk2WT n=190). Error bars represent SEM. p=0.0002 by Student T-test. (C-E) A 

comparison of cilia morphology in WT cells, Ttbk2null/null MEFs rescued with TTBK2-GFP, 

and Ttbk2sca11/sca11 MEFs rescued with TTBK2-GFP. (C) Depicts two representative images 

of cilia of each condition immunostained for ARL13B (green) and γ-Tubulin (red).  Scale 

bar = 2µm. ARL13B fluorescence intensity is shown in (D). ARL13b intensity is lower in 

Ttbk2sca11/sca11+TTBK2-GFP compared to both WT and Ttbk2null/null +TTBK2-GFP (1-way 
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ANOVA, p<0.0001), however the mean cilia length is not different between these 

conditions (E). 

 

2.3.3 TTBK2SCA11 does not physically interact with full length TTBK2 

To begin to investigate how the truncated SCA11-associated protein might 

interfere with the function of WT TTBK2, we tested whether TTBK2SCA11 could physically 

interact with full-length TTBK2. Previous studies have found that TTBK2 molecules 

physically associate and that TTBK2 can phosphorylate its own C terminus (Jiang et al. 

2012), suggesting that like other members of the CK1 family (Knippschild et al. 2014), 

TTBK2 may form a homodimer and this association could have regulatory significance. 

We therefore tested the ability of different fragments of TTBK2 (Fig 8A) to interact with 

full-length TTBK2 by co-immunoprecipitation (in all cases GFP or V5 tags were placed at 

the N terminus of the protein or protein fragment). Consistent with previous reports, 

V5-tagged full-length TTBK2 co-precipitates with full-length TTBK2-GFP when both 

constructs are expressed in HEK293T cells (Fig 8B). Full-length TTBK2-V5 also co-

precipitates with the C-terminus of TTBK2 (TTBK2306-1243-GFP), but not with a SCA11-

associated TTBK2 truncation (TTBK21-443) (Fig 8C). Thus, the C-terminus of TTBK2 

(amino acids 450–1243) is essential for this self-interaction. Consistent with this finding, 

TTBK2SCA11-V5 is also unable to co-immunoprecipitate with TTBK2SCA11-GFP. The loss of 

these interactions has implications for the regulation of TTBK2SCA11 as well as its 

interactions with substrates. As the SCA11 truncation does not bind the full-length 
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protein, it is likely that the SCA11 protein acts as a dominant negative by competing 

with the full-length protein for binding to another protein or proteins. 

 

Figure 8: TTBK2 homodimerizes through its C-terminus. 

 (A) A schematic representing the various TTBK2 truncations used for co-

immunoprecipitation. TTBK2FL corresponds to full length mouse TTBK2. TTBK2CTerm is 

the amino acids C-terminal to the kinase domain: 306-1243. TTBK2SCA11 corresponds to 

one of the disease-associated mutations, and includes amino acids 1-443.  Each is tagged 

with either V5 or GFP at the N-terminus as indicated in B and C. (B) Construct were 

expressed together as indicated in HEK 293T cells, which were lysed and subjected to 

immunoprecipitation using anti-GFP conjugated beads. Full length TTBK2 tagged with 

V5 (TTBK2FL-V5) was co-transfected with GFP-tagged full-length TTBK2 (TTBK2FL-GFP) 

or TTBK2Cterm. TTBK2FL-V5 interacted with TTBK2FL-GFP and TTBK2Cterm-GFP. Dashed 

line indicates that the blot image was cropped to remove bands that were not part of the 

current analysis. Input protein amount was 10% of total lysate for all conditions. (C) 

Constructs encoding either TTBK2FL or TTBK2SCA11 tagged with either GFP or V5 as 

indicated were expressed in HEK293T cells and subjected to immunoprecipitation using 
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anti-GFP conjugated beads. Again, TTBK2FL-V5 and TTBK2FL-GFP co-precipitated, 

however TTBK2FL did not co-precipitate with TTBK2SCA11-GFP, and TTBK2SCA11-V5 did 

not co-precipitate with TTBK2SCA11-GFP. Input protein amount was 10% of total lysate 

for all conditions. Dashed line indicates that the blot image was cropped to remove 

bands that were not part of the current analysis. Input protein amount was 10% of total 

lysate for all conditions. 

 

2.3.4 Ttbk2sca11 acts as an antimorphic allele 

To test genetically whether the SCA11-associated mutations to Ttbk2 are 

antimorphic alleles, we again turned to the Ttbk2sca11 knockin mice. Since the human 

disease SCA11 is an adult-onset phenotype seen in individuals heterozygous for TTBK2 

mutations, we examined the phenotype of adult Ttbk2scall/+ mice. At 3 months of age, the 

cerebellar architecture of the Ttbk2scall/+ animals was indistinguishable from that of wild 

type (Fig 9). SCA11 in humans reportedly results in mild ataxia, with patients having a 

normal lifespan and predominantly remaining ambulatory even years after the onset of 

symptoms (Houlden et al. 2007; Seidel et al. 2012; Hersheson, Haworth, and Houlden 

2012; Johnson et al. 2008). We cannot yet rule out that the mice may have subtle or late-

onset phenotypes. Another possibility is that the relative dosage of WT or full length 

TTBK2 required to maintain sufficient ciliary function and/or neuronal function and 

survival is lower in mice than it is in humans. 
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Figure 9: Ttbk2sca11/+ mice do not show signs of cerebellar degeneration. 

 (A,B) Representative sagittal sections through the cerebellum of mice of the indicated 

genotype. Purkinje cells are labeled with Calbindin (red) and excitatory synapses from 

the climbing fibers onto the Purkinje cell dendrites are labeled with VGLUT2 (green). 

Scale bar = 50µm. (C,D) Measurements for the molecular layer thickness and VGLUT2 

extension were made from four separate primary folia, pooled from three individual 

mice for each condition. Error bars denote SEM. The molecular layer thickness and 

VGLUT2 extension are unchanged between wild-type and Ttbk2sca11/+. 

 

To further test whether TTBK2SCA11 dominantly interferes with WT TTBK2 

function in vivo, we next generated an allelic series of Ttbk2. We generated mice that 
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carry a gene trap allele of Ttbk2 (Ttbk2tm1a(EUCOMM)Hmgu) from ES cells obtained from the 

European Mutant Mouse Cell Repository (EuMMCR). Although the targeting strategy 

was designed to trap splicing of an early Ttbk2 exon (Fig 10A), the homozygous gene 

trap mice (Ttbk2gt/gt) were viable past weaning, developing variably penetrant 

hydrocephalus and polycystic kidneys by 6 months of age (Fig 10C and 10D). Transcript 

analysis showed that this allele produced mRNAs with the predicted gene trap 

transcript and a wild-type RNA formed by splicing around the gene trap insertion (Fig 

10B). Consistent with this, by Western blot we detected a small amount of TTBK2 

protein, running at the same molecular weight as WT TTBK2 (Fig 10E). We conclude 

that Ttbk2gt is a partial loss-of-function (hypomorphic) allele that produces a reduced 

amount of wild-type, full-length TTBK2 protein. 

 

Figure 10: Ttbk2gt is a hypomorphic allele of Ttbk2. 
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 (A) Schematic of the Ttbk2 gene trap (Ttbk2gt) targeting design (schematic adapted from 

International Mouse Phenotyping Consortium). (B) RT-PCR analysis of WT splicing in 

Ttbk2gt/gt. RNA from 3 biological replicate brains per genotype was used, and primers 

targeting the exon 4-5 boundary show that WT transcript is still produced in Ttbk2gt/gt 

mice. (C) P30 mice showing phenotypic differences between Ttbk2gt/+ and Ttbk2gt/gt. (D) 

H&E staining of neural cortex and kidney tissue from 6mo old Ttbk2gt/gt mice showing 

hydrocephaly and polycyctic kidneys. Scale bar = 1mm. (E) Western blot showing 

decreased TTBK2 protein levels (150kDa) in lysates from Ttbk2WT, Ttbk2gt/+, and Ttbk2gt/gt 

brains. γ-Tubulin is a loading control. (F) Quantification of the relative intensity of the 

Western blot bands for TTBK2. TTBK2 protein levels in Ttbk2gt/gt brain lysate is about 

8.2% of the amount in Ttbk2WT brain lysate.  

 

Consistent with the hypomorphic character of the gene trap allele, Ttbk2null/gt 

embryos had a phenotype intermediate between that of Ttbk2null/null and the Ttbk2gt/gt 

homozygotes: Ttbk2null/gt embryos and neonates were recovered at nearly Mendelian 

frequencies up to birth (P0) but died by P1 (Table 1). At E15.5, in contrast to Ttbk2gt/gt 

embryos, which showed wild-type morphology, Ttbk2null/gt embryos had fully penetrant 

polydactyly on all 4 limbs, consistent with a disruption in Hh-dependent limb 

patterning (Fig 11A-11D, Table 2). 

We reasoned that the Ttbk2gt  allele, with lowered levels of TTBK2 protein, might 

provide a sensitized genetic background to better compare the effects of the Ttbk2null 

and Ttbk2sca11 alleles. Ttbk2sca11/gt embryos showed similar overall morphology to Ttbk2null/gt 

embryos at E15.5, with fully penetrant polydactyly on all 4 limbs. While some Ttbk2sca11/gt 

neonates were recovered at P0, they were present at a sub-Mendelian frequency: only 

9.5% of pups (6/63 compared with 16/63 expected; p = 0.0189) recovered at birth from 
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Ttbk2gt/+ x Ttbk2sca11/+ crosses genotyped as Ttbk2sca11/gt (summarized Tables 1 and 2), 

suggesting some prenatal lethality. 

Table 1: Numbers of mutants obtained from allelic series crosses. 

Cross Stage Total Number Number of mutants Percent Mutant 

Null X Null E9.5-E10.5 330 63 19.1 

Sca11 X Sca11 E9.5-E10.5 94 20 21.3 

GT X GT E12.5-E14.5 81 17 20.9 

E17.5-P0 183 44 24.0 

GT X Null E12.5-E14.5 67 21 31.3 

E17.5-P0 43 8 18.6 

GT X Sca11 E12.5-E14.5 99 22 22.2 

E17.5-P0 63 6 9.5 

 

 

 

Table 2: Summary of gross phenotypes observed from allelic series crosses. 

Cross Stage Number of 

mutants 

Number 

polydactyly 

Number 

holopros. 

Number 

midbrain 

defect 

Number 

forebrain 

defect 

Null X Null E9.5-E10.5 63 N/A 63 63 N/A 

Sca11 X 

Sca11 

E9.5-E10.5 20 N/A 20 20 N/A 

GT X GT E12.5+ 61 4 N/A N/A 0 

GT X Null E9.5-10.5 10 N/A 0 0 N/A 

E12.5+ 29 29 N/A N/A 19 

GT X Sca11 E9.5-10.5 12 N/A 4 4 N/A 

E12.5+ 28 28 N/A N/A 22 

 

We compared ventral neural patterning in Ttbk2gt/gt, Ttbk2null/gt, and Ttbk2sca11/gt 

embryos to determine whether Ttbk2sca11/gt embryos had more severe disruption of SHH 

signaling than seen in Ttbk2null/gt embryos. We found that neural patterning in E10.5 

Ttbk2gt/gt embryos was similar to that in Ttbk2gt/+ embryos (Fig 11E, 11F, 11I and 11J), and 

Ttbk2null/gt embryos exhibited only mild defects in neural patterning. In these mutants, the 
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distribution of motor neurons, labeled with Islet1 (ISL1) was very similar to that of 

Ttbk2gt/+ though a small number of motor neurons were found at the ventral midline (Fig 

11G and 11M). We also observed an increase in the number of cells positive for both 

NKX2.2 and OLIG2 relative to Ttbk2gt/+(Fig 11K and 11N). In contrast, the ISL1+ motor 

neuron domain was shifted ventrally in Ttbk2sca11/gt embryos and ISL1+ cells were found 

at the ventral midline in all sections examined (Fig 11H and 11M). We also observed 

extensive intermixing of OLIG2+ and NKX2.2+ progenitor populations, with a larger 

number of cells positive for both NKX2.2 and OLIG2 compared to other genotypes (Fig 

11L and 11N). In addition, OLIG2+ cells were often found at the ventral midline in the 

Ttbk2sca11/gt embryos, in contrast with the other genotypes in which this dramatic ventral 

shift was not observed (Fig 11L and 11O). Together, these data are consistent with a 

more severe disruption in SHH-dependent patterning in the Ttbk2sca11/gt embryos. This 

enhanced SHH patterning phenotype, combined with the increase in embryonic lethality 

of the Ttbk2sca11/gt animals, provides genetic support for Ttbk2sca11 as a dominant negative 

allele. 
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Figure 11: A Ttbk2 allelic series highlights and reveals exacerbated SHH-

related phenotypes in Ttbk2sca11/gt embryos. 

(A-D) Representative E15.5 embryos of each of the indicated Ttbk2 allelic combinations.  

Scale bar = 3mm. * Denotes duplicated digits. Insets are 1.5X enlargements of the 

hindlimbs shown in each image. (E-H) Transverse sections through the neural tube of 

E10.5 embryos of the indicated genotypes. Sections were taken at the forelimb level and 
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immunostained for the motor neuron marker ISL1. Scale bar = 100µm. Images below are 

1.5X enlargements of the ventral portion of each neural tube section. Arrowheads in H 

denote ventrally displaced motor neurons spanning the ventral midline. (I-L) 

Representative transverse sections through E10.5 neural tubes of embryos of each 

indicated genotype immunostained for NKX2.2 (green) to label V3 interneuron 

progenitors and OLIG2 (red) to label motor neuron progenitors. Scale bar = 100µm. 

Images below are 1.5X enlargements of the ventral portion of each neural tube section. 

Arrows in K and L denote ventrally displaced OLIG2+ progenitors. (M) Quantification 

of the number of ISL1+ cells seen at the ventral midline per section. Sections were taken 

at the forelimb level as pictured in E-H. 3 sections in 4 different embryos were for each 

genotype except for Ttbk2gt/gt in which 3 embryos were evaluated. Each point represents 

the count for one section. ISL1+ cells were never observed at the midline for Ttbk2gt/+ or 

Ttbk2gt/gt. By contrast, in Ttbk2null/gt, 3 out of 4 embryos evaluated had a small number of 

cells at the midline in at least 1 section, and in Ttbk2sca11/gt embryos, ISL1+ cells were 

counted at the midline in all sections of all embryos. The number of ISL1+ is significantly 

higher in Ttbk2sca11/gt embryos than Ttbk2null/gt (1-way ANOVA, p<0.0001). Error bars 

denote SEM. (N) Quantification of cells double positive for both OLIG2 and NKX2.2 per 

section. Sections were taken at the forelimb level as pictured in I-L, and numbers 

evaluated were as in M. Significantly more double positive cells were observed in 

Ttbk2null/gt and Ttbk2sca11/gt relative to Ttbk2gt/+ (1-way ANOVA, p=0.036 and p<0.0001, 

respectively). In addition more double positive cells were counted in Ttbk2sca11/gt embryos 

compared with Ttbk2null/gt (p< 0.0001). Error bars denote SEM. (O) Quantification of the 

number of OLIG2+ cells counted at the ventral midline per section.  Sections were taken 

at the forelimb level as pictured in I-L, and numbers evaluated were as in M. OLIG2+ 

cells were only observed in Ttbk2sca11/gt, and 4/4 embryos evaluated had OLIG2+ midline 

cells in at least one section. This was a statistically significant increase relative to each of 

the other genotypes (1-way ANOVA, p< 0.0001). Error bars denote SEM. 

 

2.3.5 TTBK2 controls cilia length, trafficking and stability 

To assess whether the more severe developmental defects in Ttbk2sca11/gt embryos 

were due to greater defects in ciliary trafficking, structure, or stability, we analyzed cilia 

in MEFs derived from embryos of each genotype of the Ttbk2 allelic series. Following 

serum starvation, we found that a mean of 69.1 +/- 3.64% of Ttbk2gt/+ cells were ciliated 

(Fig 12A and 12J), whereas in Ttbk2gt/gt and Ttbk2null/gt an average of 45.9 +/- 3.66% and 43.8 
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+/- 3.35% of cells were ciliated, respectively (Ttbk2gt/+ vs Ttbk2gt/gt p = 0.0003; Ttbk2gt/+ vs 

Ttbk2null/gt p<0.0001; Ttbk2gt/gt vs Ttbk2null/gt p = 0.9772; Fig 10B, 12C and 12J). There were 

clearly fewer cilia in Ttbk2sca11/gt cells, with an average of 18.9 +/- 3.65% of cells having a 

cilium (Ttbk2null/gt vs Ttbk2sca11/gt p<0.0001; Fig 12D and 12J). These findings suggest that 

the increased severity of the embryonic phenotypes correlates with a decrease in cilia 

number. While the mean cilia length was reduced in all of the Ttbk2 mutants relative to 

Ttbk2gt/+ cells, cilia length did not differ significantly between the different mutant allelic 

combinations (Fig 12K). We observe similar overall trends examining the cilia of the 

embryo (mesenchymal tissue surrounding the neural tube) where the frequency of cilia 

is reduced in the hypomorphic mutants, and more dramatically reduced in Ttbk2sca11/gt 

(Fig 13). 
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Figure 12: Ciliary defects are evident in Ttbk2 hypomorphic mutant cells. 

 (A-D) Representative images of MEFs taken from the embryos of the indicated and 

serum starved for 48-hours to induce ciliogenesis. Cilia were immunostained for 

ARL13b (green) to label cilia and γ-Tubulin (red) to label centrosomes. Scale bar = 

20µm.(E-I) Localization of endogenous TTBK2 (green) in MEFs of each indicated 

genotype. Cells were counterstained with γ-Tubulin (red) to label centrosomes and 

Acetylated α-Tubulin (magenta) to label cilia. Staining of Ttbk2null/null cells is shown as a 

negative control.  Lower panels show zoomed images of from individual cells seen in 

the top panel. Scale bar = 10µm, 2µm for zoomed panels. (J) Quantification of the 

percentage of ciliated cells from MEFs of each genotype following 48 hours of serum 

starvation. Cilia frequency is reduced in all mutants compared with heterozygous cells, 

and is further reduced in Ttbk2sca11/gt cells relative to Ttbk2null/gt. Bars represent the mean 

percentage of ciliated cells across 3 experiments with 3 replicates each (n= 289, Ttbk2gt/+; 

n= 252, Ttbk2gt/gt; n= 584, Ttbk2null/gt; n= 340 Ttbk2sca11/gt). Error bars denote SEM. (K) 

Quantification of cilia length in MEFS of each genotype following 48 hours of serum 

starvation. Cilia in each of the mutant MEFs were significantly shorter than 

heterozygous cells, but did not differ significantly from each other. (L) Quantification of 

the percentage of cells with endogenous TTBK2 localized to the centrosome following 48 
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hours of serum withdrawal. Ttbk2 mutant cells, particularly Ttbk2null/gt and Ttbk2sca11/gt 

have reduced TTBK2 at the centrosome, however these two genotypes did not differ 

from one another with respect to TTBK2 localization. For J-L, stars denote statistical 

comparisons between the indicated groups (1- way ANOVA with Tukey-Kramer post 

hoc test, **** denotes p< 0.0001, *** denotes p<0.001, ** denotes p=0.0017, * denotes p= 

0.014.) 

 

 

Figure 13: Cilia are less abundant in Ttbk2 allelic series in vivo. 

 (A) Representative images of mesenchymal cells surrounding the neural tube of E10.5 

embryos of the indicated genotype. Cilia were immunostained for ARL13b (red) to label 

cilia and γ-Tubulin (green) to label centrosomes. Scale bar = 20µm. (B) Quantification of 

the percentage of ciliated cells in the mesenchyme of the indicated genotype. Cilia are 

less abundant in Ttbk2sca11/gt embryos. Statistical comparison was performed by 1-way 

ANOVA with Tukey-Kramer post-hoc test.  (p<0.0001 vs Ttbk2gt/+; p<0.0001 vs Ttbk2gt/gt; 

p=0.0279 vs Ttbk2null/gt). n=two fields of view, three biological replicates, over 1000 total 

cells counted per genotype. (C) Quantification of cilia length in the mesenchyme of the 

indicated genotype. Cilia length is not statistically significantly different across the Ttbk2 

allelic series in the embryonic mesenchyme. n=50 cilia pooled from 3 biological 

replicates. 
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We also examined the percentage of cells with endogenous TTBK2 at the mother 

centriole or basal body in MEFs derived from each genotype. Relative to Ttbk2gt/+, the 

percentage of cells with TTBK2 localized at the mother centriole/basal body in Ttbk2gt/gt 

trended towards being slightly reduced, though this was not statistically significant (Fig 

12E, 12F and 12L; 38.1 +/- 9.11% for Ttbk2gt/+ cells vs 25.5 +/- 2.76% for Ttbk2gt/gt; p = 0.052). 

As expected, centriolar TTBK2 was further reduced in Ttbk2null/gt and Ttbk2sca11/gt cells (Fig 

12G, 12H and 12L; 13.0 +/- 1.86% and 11.1 +/- 1.12%, respectively; Ttbk2gt/+ vs Ttbk2null/gt p 

= 0.001; Ttbk2gt/+ vs Ttbk2sca11/gt p = 0.0006), but there was no significant difference between 

these two genotypes (Fig 12L; p = 0.9608), implying that the presence of TTBK2SCA11 does 

not interfere with full length TTBK2 function by impairing its localization to the 

presumptive basal body. 

Since our data indicate that hypomorphic Ttbk2 mutants have shorter cilia in 

addition to forming cilia at a reduced frequency, we hypothesized that TTBK2 may be 

required for ciliary trafficking and stability as well as for the initiation of ciliogenesis. To 

further investigate the role of TTBK2 in cilia structure and/or trafficking following initial 

assembly of the axoneme, we examined trafficking of HH pathway components in the 

cilia of MEFS of each genotype. The transmembrane protein SMO is critical for HH 

pathway activation, and becomes enriched within the cilium upon stimulation of the 

pathway with SHH or various agonists (Rohatgi, Milenkovic, and Scott 2007; Rohatgi et 

al. 2009). We found that the amount of SMO in the cilium upon stimulation of cells with 



 

 

45 

SMO agonist (SAG) was comparable between Ttbk2gt/+ cells and either Ttbk2gt/gt or 

Ttbk2null/gt cells, as measured by average intensity of SMO within the Acetylated α-

Tubulin+ cilium (mean intensity of 82.2 +/- 3.43, 89.2 +/- 5.3, and 78.9 +/- 4.65 A.U., 

respectively). In contrast, SMO intensity was clearly reduced in the axonemes of 

Ttbk2sca11/gt cells (mean intensity of 51.0 +/- 3.78 A.U.) relative to Ttbk2null/gt (p = 0.0003), as 

well as each of the other genotypes (vs Ttbk2gt/+ and Ttbk2gt/gt p<0.0001), consistent with 

the exacerbated SHH signaling-related phenotypes observed in these mutant embryos 

(Fig 14A and 14B). 

We also examined the trafficking of other HH pathway components within cilia 

in response to pathway activation. GLI2 is a transcription factor that mediates activation 

of target genes in response to HH ligands. GLI2 localizes to the tips of cilia, and becomes 

strongly enriched at the cilium tip in response to HH pathway activation (Haycraft et al. 

2005) by SHH or SAG. There was no difference in GLI2 ciliary tip localization or 

intensity in response to SAG between Ttbk2gt/+ and any of the mutant alleles (Fig 14C and 

14D). KIF7 is the vertebrate homolog of the Drosophila protein COS2 and essential for 

the establishment and maintenance of the microtubule structure of the cilium in 

mammals, and for the stability of the axoneme (Liem et al. 2009; M. He et al. 2014). Like 

GLI2, KIF7 normally becomes enriched at the tips of cilia in response to SAG, however 

in contrast to the results with GLI2, the percentage of cells with KIF7 localized to the tip 

of the cilium in the presence of SAG was significantly reduced in Ttbk2sca11/gt mutants 
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relative to other genotypes (Ttbk2gt/+: 82.2 +/-2.16%, Ttbk2gt/gt: 75.6 +/- 1.73%, Ttbk2null/gt: 62.6 

+/- 7.93%, Ttbk2sca11/gt: 37.8 +/- 1.1%; Fig 14E and 14F), and was clearly less than in 

Ttbk2null/gt (p = 0.012). Thus, consistent with the more severe SHH-related patterning 

phenotypes observed in the Ttbk2sca11/gt embryos, trafficking of a subset of signaling 

molecules is impaired in cells of this genotype, consistent with possible disruptions in 

ciliary trafficking. 

 

Figure 14: Localization of key HH signaling proteins is impaired in Ttbk2sca11/gt 

cilia. 

 (A, B) SMO localization in heterozygous and Ttbk2 mutant MEFs. Immunostaining for 

SMO (magenta) is shown for each of the indicated genotypes in (A), with centrosomes 

stained for γ-Tubulin (red), and the ciliary axoneme labeled with Acetylated α-Tubulin 

(green). Cells were serum starved for 24 hours before being treated with 200nm SAG for 

an additional 24 hours. Two representative images are shown. (B) depicts a 
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quantification of pixel intensity of SMO within the ciliary axoneme of each genotype 

upon stimulation with SAG. Bars represent the mean intensity of 50 measurements 

across 3 replicates for each genotype. Error bars depict SEM. Statistical comparison was 

performed by 1-way ANOVA with Tukey-Kramer post-hoc test. Ttbk2sca11/gt cells display 

reduced SMO intensity within the cilium compared with each of the other genotypes 

(p<0.0001 vs Ttbk2gt/+ and Ttbk2gt/gt; p= 0.0003 vs Ttbk2null/gt). (C,D) Localization of GLI2 

(magenta) to the ciliary tip in MEFs of each indicated genotype. In (C) cells are 

counterstained for γ-Tubulin (red) to label centrosomes and Acetylated α-Tubulin 

(green) to label the axonemes. Three representative images are shown for each genotype. 

Quantification of pixel intensity of GLI2 at the ciliary tip of each genotype is shown in 

(D). (E,F) Localization of KIF7 (magenta) to the ciliary tip in MEFs of each indicated 

genotype. In (E) cells are counterstained for γ-Tubulin (red) to label centrosomes and 

Acetylated α-Tubulin (green) to label the axonemes. Three representative images are 

shown for each genotype. The percentage of cilia with KIF7 localized to the ciliary tip 

upon treatment with SAG is shown in (F). We find that the frequency of KIF7 

localization is reduced in Ttbk2sca11/gt cells compared with other genotypes (1-way 

ANOVA, p= 0.0003 vs Ttbk2gt/+; p=0.0009 vs Ttbk2gt/gt; p=0.012 vs Ttbk2null/gt.) n=50 cilia 

pooled from 3 biological replicates. Scale bar = 5µm. 

 

To further investigate whether ciliary trafficking is disrupted Ttbk2 hypomorphic 

mutant cells, and whether this is exacerbated in Ttbk2sca11/gt cells in particular, we 

assessed other factors that control cilia trafficking and stability (M. He et al. 2014). Since 

the shorter cilia observed for each of the Ttbk2 hypomorphic allele combinations relative 

to Ttbk2gt/+ cells could be due to defects in the protein machinery that mediates assembly 

of the ciliary axoneme, the intraflagellar transport (IFT) machinery, we examined the 

localization of IFT components in MEFs of each genotype. We measured the average 

intensity of IFT81, IFT88, and IFT140 within the ciliary axoneme of MEFs of each 

genotype. For IFT81, the average intensity was not significantly changed within the 

axoneme in Ttbk2null/gt and Ttbk2sca11/gt cells relative to the other genotypes (Fig 15A and 
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15B; Ttbk2gt/+: 11.49 +/- 0.68 AU, Ttbk2gt/gt: 13.15 +/- 0.88 AU, Ttbk2null/gt: 16.07 +/- 1.93 AU, 

Ttbk2sca11/gt: 15.49 +/- 1.56 AU). For IFT88, average intensity within the axoneme also 

varied only modestly by genotype, with modest increases in the average intensity within 

the axoneme in Ttbk2null/gt and Ttbk2sca11/gt relative to the other genotypes (Fig 15D and 

15E; Ttbk2gt/+: 40.54 +/- 1.73 AU, Ttbk2gt/gt: 45.06 +/- 2.55 AU, Ttbk2null/gt: 65.61 +/- 3.73 AU, 

Ttbk2sca11/gt: 51.89 +/- 3.00 AU). For IFT140, the average intensity was reduced in the 

axoneme of Ttbk2sca11/gt cells relative to other genotypes (Fig 15G and 15H; Ttbk2gt/+: 54.4 

+/-3.58 AU, Ttbk2gt/gt: 65.55 +/- 6.11 AU, Ttbk2null/gt: 74.62 +/- 7.74 AU, Ttbk2sca11/gt: 37.13 +/- 

3.26 AU). Thus, we identified a specific reduction in IFT-A machinery to the axonemes 

in Ttbk2sca11/gt cells. 

We also separately examined the average intensity of IFT81, IFT88 and IFT140 at 

the basal body in cells of each genotype. We found that for each of the IFT proteins we 

examined, this basal body pool of IFT proteins was significantly reduced in average 

intensity in the Ttbk2null/gt and Ttbk2sca11/gt cells relative to Ttbk2gt/+ or Ttbk2gt/gt. For both 

IFT88 and IFT140, average intensity at the basal body was significantly lower in 

Ttbk2sca11/gt cells than in Ttbk2null/gt (Fig 15C, 15F and 15I). 
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Figure 15: Localization of IFT proteins is perturbed in Ttbk2 hypomorphic 

alleles. 

(A-C) Immunostaining in MEFs of each indicated genotype for IFT81 (magenta), γ-

Tubulin (red) to label centrosomes and Acetylated α-Tubulin (green) to label the cilia 

(A). Quantification of IFT81 pixel intensity throughout ciliary axoneme (B) or the basal 

body pool only (C). Quantification of pixel intensity throughout the axoneme is shown 

in (B) but was not statistically significant between indicated genotypes. IFT81 pools are 

depleted in Ttbk2sca11/gt  basal bodies compared to other genotypes (C). Statistical 

comparison was performed by 1-way ANOVA with Tukey-Kramer post-hoc test.  

(p<0.0001 vs Ttbk2gt/+; p=0.0106 vs Ttbk2gt/gt; p=0.0150 vs Ttbk2null/gt). Scale bar = 5µm. (D-F) 
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Immunostaining of IFT88 (magenta) shows depleted staining throughout the axoneme 

and at the basal body for Ttbk2sca11/gt cells (D). Quantification of pixel intensity throughout 

the axoneme is shown in (E). Statistical comparison was performed by 1-way ANOVA 

with Tukey-Kramer post-hoc test.  (p=0.0282 vs Ttbk2gt/+; p=0.0052 vs 

Ttbk2null/gt).Quantification of pixel intensity at the basal body is shown in (F). Statistical 

comparison was performed by 1-way ANOVA with Tukey-Kramer post-hoc test.  

(p<0.0001 vs Ttbk2gt/+; p<0.0001 vs Ttbk2gt/gt; p=0.0647 vs Ttbk2null/gt). (G-I) Immunostaining 

of IFT140 (magenta) shows depleted staining at the basal body of the axonemes for 

Ttbk2sca11/gt cells(G). Quantification of pixel intensity throughout the axoneme is shown in 

(H). Ttbk2sca11/gt axonemes display less IFT140 compared to other other genotypes. 

Statistical comparison was performed by 1-way ANOVA with Tukey-Kramer post-hoc 

test.  (p=0.0022 vs Ttbk2gt/gt; p<0.0001 vs Ttbk2null/gt). Quantification of pixel intensity at the 

basal body is shown in (I). Statistical comparison was performed by 1-way ANOVA 

with Tukey-Kramer post-hoc test.  (p<0.0001 vs Ttbk2gt/+; p<0.0001 vs Ttbk2gt/gt; p=0.0484 vs 

Ttbk2null/gt). n=50 or more basal bodies and cilia pooled from 3 biological replicates. 

 

Taken together, this data suggests that reduced function of TTBK2 affects the 

localization of IFT components, particularly in the pools of IFT that form at the basal 

body, with the amount and distribution of IFT proteins within the axoneme affected to a 

lesser degree. These findings are aligned with our prior work showing that the basal 

body pools of IFT proteins are lost in Ttbk2null/null cells (Goetz, Liem, and Anderson 2012), 

a defect that is thus far specific to TTBK2 and to proteins such as CEP164 that act 

upstream of TTBK2 to mediate its localization to the distal appendages. 

The defects we observed in the Ttbk2 hypomorphic mutants with respect to 

changes in IFT proteins as well as impaired trafficking of SMO and KIF7 led us to 

hypothesize that the cilia of these mutants may have defects in their structure and/or 

stability. Post-translational modifications of axonemal microtubules are often impaired 

in mutants, such as Kif7, in which the structure and stability of the axoneme is disrupted 
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(M. He et al. 2014). We have therefore examined both acetylation and glutamylation of 

tubulin, two modifications associated with stability of the ciliary axoneme (Janke and 

Bulinski 2011). We have not observed any alterations in the acetylation of microtubules 

within the cilia of the Ttbk2 hypomorphic mutants, however we observe a marked effect 

on tubulin polyglutamylation, which is important for establishing ciliary structure and 

length (Pathak et al. 2007; Lin et al. 2015). Intensity of polyglutamylated tubulin within 

the cilium was comparable between Ttbk2gt/+ and Ttbk2gt/gt cells (mean intensity of 111.8 

+/- 5.42 and 93.64 +/- 5.66 A.U. respectively) but was significantly reduced in Ttbk2null/gt 

cells (mean intensity of 75.8 +/- 4.85 A.U.) and further reduced in Ttbk2sca11/gt cells (mean 

intensity of 55.1 +/- 4.32 A.U.; Fig 16A and 16B). Reduction of tubulin polyglutamylation 

is associated with defects in cilium assembly and stability in a variety of organisms 

(Pathak et al. 2007; Pathak, Austin, and Drummond 2011; Lin et al. 2015), and recent 

evidence also suggests that hypo-glutamylation of ciliary microtubules promotes 

disassembly of primary cilia and impairs the trafficking of signaling molecules within 

the axoneme (K. He et al. 2018). 

To further examine cilium stability across the Ttbk2 allelic series, we treated 

MEFs derived from embryos of each genotype with nocodazole. Because the 

microtubule doublets of the ciliary axoneme are more stable than cytoplasmic 

microtubules, treatment of WT cells with nocodazole for a short period has a limited 

effect on cilia length or frequency (M. He et al. 2014). After treatment of MEFs with 
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nocodazole for 10 or 30 minutes, the percentage of ciliated cells in WT or Ttbk2null/gt cells 

decreased modestly (Fig 16C; for WT, 77.7 +/- 1.73% of cells were ciliated at T0, 72.2 +/- 

6.33% at 10 minutes, and 69.3 +/- 3.5% at 30 minutes; for Ttbk2null/gt, 54.6 +/- 2.31% of cells 

were ciliated at T0, 45.5 +/- 0.64% at 10 minutes, and 46.3 +/- 1.96% at 30 minutes). In 

contrast, in Ttbk2sca11/gt cells treatment with nocodazole caused a rapid reduction in 

ciliated cells (from 26.6 +/- 3.38% at T0 to 13.6 +/- 0.62% after 10 minutes of treatment, 

and 8.1 +/- 1.24% after 30 minutes of treatment). The length of the remaining Ttbk2sca11/gt 

cilia reduced over time in a manner that was proportional to the other genotypes: for 

Ttbk2sca11/gt cells, cilia length at 30 post nocodazole was 63.2% of the starting length, 

compared with 65.4% for Ttbk2null/gt and 55.9% for WT (Fig 16D). These data suggest that 

cilium stability is more compromised in Ttbk2sca11/gt cells than in Ttbk2null/gt, with cilia in 

Ttbk2sca11/gt cells rapidly lost in the presence of nocodazole, consistent with the dominant 

negative nature of the sca11 allele. 

To further investigate the role of TTBK2 in cilium stability and ciliary structure, 

we performed transmission electron microscopy (TEM) on neural tube sections from 

E10.5 embryos of each genotype to assess the cilia (Fig 16E–16H). We did not observe 

dramatic differences in the overall structure of cilia between Ttbk2gt/gt or Ttbk2null/gt and 

Ttbk2gt/+. By contrast, the structure of the cilia in Ttbk2sca11/gt embryos differs noticeably 

from the other genotypes in a number of ways. Consistent with our previous findings 

from Ttbk2null/null cells which have normal distal and subdistal appendages, we observe 



 

 

53 

these structures in Ttbk2sca11/gt cilia, as well as the extension of axonemes that contain 

microtubules. However, the microtubules appear less distinct than in the cilia of the 

other genotypes, with the proximal cilium/transition zone in particular having a less 

organized appearance. In addition, we frequently observed what appear to be vesicles 

within the ciliary axonemes of Ttbk2sca11/gt embryos, but not in cilia in embryos of the 

other genotypes. These TEM images, together with our data showing that 

polyglutamylated tubulin is reduced in Ttbk2 hypomorphic mutants, and in particular in 

Ttbk2sca11/gt mutants, suggest that TTBK2 is important for the structure and stability of the 

microtubule axoneme. 
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Figure 16: Microtubule dynamics are impaired in Ttbk2sca11/gt cilia. 

 (A-B) Polyglutamylated tubulin localization in cilia of MEFs derived from embryos of 

the indicated genotypes. Immunostaining for GT335, which recognizes 

polyglutamylated tubulin (magenta) as well as PCNT (red) to label centrosomes and 
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Acetylated α-Tubulin (green) to label cilia is shown in (A). A quantification of the pixel 

intensity of GT335 within cilia is shown in (B). Polyglutamylated tubulin levels are 

reduced in Ttbk2sca11/gt relative to the other genotypes of the allelic series (p<0.0001 vs vs 

Ttbk2gt/+; p<0.0001 vs vs Ttbk2gt/gt; p= 0.0327 vs Ttbk2null/gt). Scale bar = 5µm. (C-D) Wild 

type, Ttbk2null/gt, and Ttbk2sca11/gt MEFs were treated with 10µM Nocodazole for 10-30 

minutes and percentage of ciliated cells was determined. While in WT and  Ttbk2null/gt 

cells the percentage of ciliated cells reduced only slightly within 30 minutes, cilia were 

rapidly lost in  Ttbk2sca11/gt MEFs upon treatment with nocodazole (p= 0.0112) (C). Cilia 

length was determined throughout nocodazole treatment for Wild type, Ttbk2null/gt, and 

Ttbk2sca11/gt . As expected, cilia shortened over time, though not significantly between 

genotypes over time. n=50 cilia pooled from 3 biological replicates. (E-H) Representative 

Transmission Electron Microscopy (TEM) images of cilia in the embryonic neural tube 

from e10.5 embryos of the indicated genotypes. Additionally, vesicles can be seen in 

Ttbk2sca11/gt axonemes (arrow heads, H) which were not present in other genotypes.  Scale 

bar = 0.5µm 

 

To examine the possible molecular mechanisms by which reduced TTBK2 could 

affect ciliary structure and stability, we tested whether a pathway important in cilium 

suppression and disassembly was altered upon reduced TTBK2 function. KIF2A is an 

atypical kinesin of the Kinesin 13 family that mediates microtubule depolymerization in 

a number of cellular contexts (Walczak, Gayek, and Ohi 2013). KIF2A was recently 

identified as a substrate of TTBK2 at the plus ends of cytoplasmic microtubules; in this 

context, phosphorylation of KIF2A by TTBK2 at S135 reduced the ability of KIF2A to 

bind microtubules, thereby impairing its depolymerase activity and stabilizing 

microtubules (T. Watanabe et al. 2015). Given this association, we tested whether the 

localization of KIF2A was altered in Ttbk2 mutant cells. In WT MEFs, KIF2A was 

localized to the centrosome and was also occasionally seen within the proximal ciliary 

axoneme (Fig 17A). Centrosomal localization was maintained in the Ttbk2 mutant alleles. 



 

 

56 

However, quantification of KIF2A intensity at the base of ciliated cells revealed that the 

level of KIF2A at the centrosome was increased in Ttbk2null/gt (mean pixel intensity of 43.1 

+/- 1.96 A.U.) cells relative to Ttbk2gt/+ (mean pixel intensity of 19.98 +/- 0.92) or Ttbk2gt/gt 

(mean pixel intensity of 22.8 +/- 0.90 A.U). The intensity of KIF2A was further increased 

at the ciliary base of Ttbk2sca11/gt relative to all other genotypes (mean pixel intensity of 

53.0 +/- 1.87 A.U., Fig 17B; p<0.0001). This suggests that KIF2A accumulates at the ciliary 

base when TTBK2 levels are reduced, where it could contribute either to structural 

defects in cilia, or to the observed reduction in ciliated cells by promoting cilium 

disassembly, or both. 

To assess whether and how loss or reduction in S135 phosphorylation of KIF2A 

may contribute to the ciliary phenotypes seen in the TTBK2 hypomorphic mutants, we 

tested the effects of expressing a non-phosphorylatable variant of KIF2A (S135A) in WT 

MEFs. We found that in MEFs over-expressing KIF2AS135A, cilia were significantly 

shortened compared to those overexpressing WT KIF2A (Fig 17C and 17D), although we 

did not observe a significant change in the percentage of ciliated cells between these 

conditions. Thus, we propose that increased activity of KIF2A in Ttbk2 hypomorphic 

mutants contributes to defects in ciliary stability and structure, and to the exacerbated 

phenotypes observed in the Ttbk2sca11/gt embryos and neonates. 
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Figure 17: Kif2a accumulation at the base of Ttbk2sca11/gt cilia causes instability. 

 (A,B) Immunostaining for KIF2A (magenta) in MEFs derived from embryos of the 

indicated genotypes of the Ttbk2 allelic series shown in (A). MEFs were serum starved 

for 48 hours. Centrosomes are labeled with γ-Tubulin (red) and cilia are stained for 

Acetylated α-Tubulin (green). Pixel intensity of KIF2A at the centrosome is quantified in 

(B). While we detected no significant difference between Ttbk2gt/+ and Ttbk2gt/gt, Ttbk2null/gt 

and Ttbk2sca11/gt cells have increased levels of KIF2A at the centrosome, and KIF2A is 

further increased in Ttbk2sca11/gt. (1-way ANOVA, p<0.0001 for all). n=50 cilia pooled from 

3 biological replicates. Scale bar = 5µm. (C,D) Ttbk2gt/+ cells were stably expressing either 

KIF2AWT or a phospho-mutant variant of KIF2A, KIF2AS135A. Immunostaining is shown 

for the Kif2a construct (magenta), centrosomes stained for  PCNT (red), and the ciliary 

axoneme labeled with Acetylated α-Tubulin (green). Three representative cilia are 

shown per condition. Cilia were shorter in Ttbk2gt/+ cells when expressing KIFT2AS135A. 

Cilia length was determined and quantified in (D) (1-way ANOVA p<0.0001). Error bars 

represent SEM. 
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2.4 Discussion 

In this study, we show that the human SCA11- associated mutations to Ttbk2 

produce truncated proteins that interfere with the function of full-length TTBK2 in cilia 

formation. Consistent with our previous data showing that familial SCA11-associated 

mutations are unable to restore primary cilia in null mutant cells, our analysis of 

Ttbk2sca11/sca11 mutants revealed a phenotype that is essentially indistinguishable from that 

of our previously described ENU-induced null allele. Like Ttbk2null/null, homozygous 

SCA11 mutants lack cilia in all tissues examined at E10.5, and the cells of these mutants 

exhibit an identical set of cellular defects to those of embryos lacking Ttbk2. These 

results indicate that TTBK2SCA11 truncations are completely unable to function in 

mediating ciliogenesis, despite having an intact kinase domain and producing a protein 

product(Bouskila et al. 2011). This inability to function in ciliogenesis is likely the result 

of the SCA11-associated truncations lack of the C-terminus, which we and others have 

shown is required to target TTBK2 to the basal body and for its interaction with the 

distal appendage protein CEP164(Goetz, Liem, and Anderson 2012; Čajánek and Nigg 

2014; Oda et al. 2014). 

In our prior studies we also found that expression of TTBK2SCA11-GFP in WT 

fibroblasts led to a modest but significant reduction in ciliogenesis(Goetz, Liem, and 

Anderson 2012), consistent with the classical definition of a dominant 

negative(Herskowitz 1987). We hypothesized based on this that the SCA11-associated 
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mutations to Ttbk2 function as antimorphic alleles. In the current work, we present two 

major lines of evidence in support this hypothesis. First, we found that expression of WT 

TTBK2-GFP only partially rescues cilia formation in Ttbk2sca11/sca11 mutant cells whereas 

full rescue is achieved by stable expression of the same construct in Ttbk2null/null cells. This 

is seen both at the level of ciliogenesis, where many fewer ciliated cells are found in 

rescued Ttbk2sca11/sca11 cells and also with respect to the structure of the cilium: ARL13B 

localization is significantly impaired in the rescued Ttbk2sca11/sca11 relative to rescued null 

mutant cells. Second, we present genetic evidence for the dominant negative function of 

Ttbk2sca11. The combination of Ttbk2sca11 with a hypomorphic allele that produces a 

reduced amount of TTBK2 protein (Ttbk2gt) results in more severe phenotypes than the 

null allele in combination with Ttbk2gt  on the same genetic background. 

We propose a model wherein TTBK2’s functions in cilium assembly are highly 

dosage sensitive, with alterations in the amount of functional TTBK2 protein below a 

certain threshold causing a range of phenotypes related to defects in ciliary trafficking 

and signaling. In human SCA11 patients, the presence of SCA11 truncated protein is 

sufficient to cause a phenotype limited to a specific tissue- the cerebellum. In mice, we 

did not identify any changes in the architecture of the cerebellum between Ttbk2sca11/+ 

animals and their WT siblings by 3 months of age. While we can’t yet exclude the 

emergence of more subtle defects occurring at advanced age, it does not appear one 

allele of Ttbk2sca11 is sufficient to cause phenotypes recapitulating human SCA11 in the 
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presence of a second WT allele of Ttbk2, (ie Ttbk2sca11/+) in mice. However, on a sensitized 

background with a reduced amount of full-length TTBK2, the dominant negative effects 

of TTBK2SCA11 become apparent, such as in the allelic series. 

Our studies of the ciliary defects occurring in the Ttbk2 allelic series have also 

yielded valuable insights about the role of TTBK2 in cilia formation and trafficking. Our 

prior work based on a null allele of Ttbk2 demonstrated the essential role played by this 

kinase in initiating cilium assembly upstream of IFT. However, examination of 

hypomorphic alleles in this study points to additional requirements for TTBK2 following 

initial cilium assembly. For example, cilia are shorter in cells derived from all of the 

hypomorphic Ttbk2 alleles compared with WT or Ttbk2gt/+ cells, pointing to a role for 

TTBK2 in cilia structure and trafficking. Identifying the molecular targets of TTBK2 in 

both cilium initiation and in ciliary trafficking and/or stability will be critically 

important to our understanding of the pathways that regulate ciliogenesis. 

We identified modest disruptions in the concentration of IFTB and IFTA 

components in our Ttbk2 hypomorphic allelic combinations, consistent with a role for 

TTBK2 particularly in maintaining the basal body pools of IFT proteins, in addition to 

the requirement for TTBK2 in the recruitment of IFT components to the basal body that 

we identified previously in our analysis of Ttbk2 null mutant cells (Goetz, Liem, and 

Anderson 2012). Identifying the mechanisms by which TTBK2 mediates the localization 
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of IFT proteins to the basal body, as well as testing whether TTBK2 contributes to IFT 

mediated ciliary trafficking will be a focus of our future studies. 

We have also uncovered a role for TTBK2 in maintaining the stability of the 

ciliary axoneme, with these defects becoming particularly evident in Ttbk2sca11/gt mutant 

cells. Consistent with a requirement for TTBK2 in cilia structure, KIF7 is reduced in 

Ttbk2sca11/gt cells compared with Ttbk2null/gt cells with respect to the percentage of cilia that 

are positive for KIF7. The Ttbk2sca11/gt cells also exhibit a subset of the defects found in 

Kif7-/- cells, including a reduction in polyglutamylated tubulin (M. He et al. 2014). 

Unlike Kif7-/- cells however, we did not observe any reduction in tubulin acetylation in 

any of the Ttbk2 hypomorphic cells. The Ttbk2sca11/gt cells do exhibit increased instability 

in the presence of nocodazole. The highly modified microtubules of the cilium are 

typically relatively resistant to this microtubule-depolymerizing drug (M. He et al. 2014; 

Sharma et al. 2011), and in WT or Ttbk2null/gt cells neither the proportion of ciliated cells 

nor the length of the cilium changes dramatically when the cells are treated with 

nocodazole for up to 30 minutes. In contrast, in the Ttbk2sca11/gt cells the percentage of 

ciliated cells drops dramatically upon treatment with nocodazole, consistent with a 

requirement for TTBK2 in the stability of the axonemal microtubules. In addition, 

increased levels of the microtubule depolymerizing kinesin KIF2A are present at the 

centrosome of ciliated cells in the Ttbk2 hypomorphic mutants, with the highest amounts 

seen in Ttbk2sca11/gt cells. This suggests that TTBK2 may oppose the activity the PLK1-
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KIF2A cilium disassembly pathway, and that an increase in the activity of this pathway 

in the Ttbk2 hypomorphic mutants contributes to the reduction in ciliated cells, in 

addition to defects in cilium stability. 

Loss of tubulin glutamylation in cilia has also recently been shown to perturb 

ciliary trafficking and the enrichment of HH pathway components within cilia upon 

stimulation of cells with SAG (Hong et al. 2018). Thus, the reduction in SMO enrichment 

that we observed in the Ttbk2sca11/gt cells could result from the additional reduction in 

tubulin glutamylation we see within the cilia of these cells relative to other genotypes, 

with disrupted trafficking in HH pathway components in turn leading to exacerbated 

embryonic phenotypes related to HH-dependent patterning. 

The additional impairment of TTBK2 function in the Ttbk2sca11/gt animals results in 

a greater perturbation of cilia than the defects seen in Ttbk2null/gt cells. These include 

reduced numbers of cilia, disrupted cilium stability, and impaired trafficking of 

signaling molecules such as SMO to the axoneme, although we have not yet precisely 

defined the biochemical mechanisms by which the human disease-associated 

truncations interfere with TTBK2 function. Our data argue against a model where 

TTBK2SCA11 directly binds to full length TTBK2 and inhibits its function through a direct 

association. Rather, it seems more likely that TTBK2SCA11, having lost critical regulatory 

motifs as well as the ability to efficiently translocate to the centrosome, may sequester 

some important TTBK2 substrate or substrates, resulting in the further impairment of 
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cilia structure and signaling that in turn causes the modest exacerbations in SHH-

dependent developmental patterning. 

While our data indicate that the SCA11-associated Ttbk2 mutations interfere with 

cilia formation and stability, pointing to a strong possibility that SCA11 pathology is 

related to disrupted ciliary signaling, we cannot exclude the possibility that TTBK2 has 

non-ciliary roles within the brain that could also contribute to neural degeneration. For 

example, TTBK2 phosphorylates Synaptic Vesicle Protein 2A, and this event is 

important for the formation and release of synaptic vesicles (N. Zhang et al. 2015). The 

mechanisms of TTBK2 regulation and the specific substrates of this kinase in cilium 

assembly, as well as possible non-ciliary roles for TTBK2 within the brain are key topics 

in our ongoing research. Having shown that TTBK2SCA11 is both unable to mediate cilium 

assembly and also impairs the function of TTBK2WT in ciliogenesis, another important 

area of investigation is the relationship between cilia and ciliary signaling pathways and 

the maintenance of neural connectivity and function. 

2.5 Materials and Methods 

2.5.1 Ethics statement 

The use and care of mice as described in this study was approved by the 

Institutional Animal Care and Use Committees of Memorial Sloan Kettering Cancer 

Center (approval number 02-06-013) and Duke University (approval numbers A246-14-

10 and A218-17-09). Euthanasia for the purpose of harvesting embryos was performed 
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by cervical dislocation, and all animal studies were performed in compliance with 

internationally accepted standards. 

2.5.2 Mouse strains 

We used two previously described alleles of Ttbk2: Ttbk2null is an ENU-induced 

allele (also called Ttbk2bby) (Goetz, Liem, and Anderson 2012) and Ttbk2sca11 is a knockin 

recapitulating one of the familial SCA11-associated mutations (Bouskila et al. 2011). 

Genotyping for both of these alleles was performed as previously described. Ttbk2 

“knockout first” genetrap (Ttbk2tm1a(EUCOMM)Hmgu, here referred to Ttbk2gt) targeted ES cells 

were purchased from the European Mutant Mouse Consortium. One clone 

(HEPD0767_5_E08, parental ESC line JM8A3.N1, agouti) was injected into host 

blastocysts by the Mouse Genetics Core Facility at Sloan Kettering Institute. Resulting 

chimeric male mice were bred to C57BL/6 females to test germline transmission and 

obtain heterozygous mice. PCR genotyping (F: ATACGGTTGAGATTCTTCTCCA, R1: 

TCTAGAGAATAGGAACTTCGG, R2: TGCAATTGCATGACCACGTAGT) yields a 

band corresponding to the mutant allele at 407bp and to the WT allele at 762bp. 

2.5.3 Embryo and tissue dissection 

To obtain embryos at the identified stages, timed mating was performed with the 

date of the vaginal plug considered embryonic day (E)0.5. Pregnant dams were 

sacrificed by cervical dislocation and embryos were fixed in either 2% (E11.5 or earlier) 

or 4% (later than E11.5) paraformaldehyde (PFA) overnight at 4C. For cryosectioning, 
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tissue was cryoprotected in 30% Sucrose overnight and embedded in Tissue Freezing 

Medium (General Data TFM-5). Tissue was sectioned at 16μm thickness. 

To harvest tissues from adult mice, animals were anesthetized with 12.5mg/mL 

Avertin, and a transcardially perfused with of Phosphate Buffered Saline (PBS) followed 

by 4% PFA. Kidneys and brains were dissected and incubated in 4% PFA for an 

additional 2 hours at 4°C. Tissue was then prepared for cryosectioning as described 

above. 

2.5.4 Cell culture and immunostaining 

MEFs were isolated from embryos at either E10.5 or E12.5, and maintained as 

previously described (Ocbina and Anderson 2008). To induce cilia formation, cells were 

shifted from 10% to 0.5% fetal bovine serum (FBS) and maintained in low serum 

conditions for 48 hours. Cells were grown on coverslips and fixed in 4% 

Paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS) for 5 minutes at room 

temperature followed by methanol for 5 minutes at -20C. Cells were then washed in PBS 

+ 0.2% Triton X-100 (PBT) and blocked in PBT + 5% FBS + 1% bovine serum albumin for 

30 minutes. Cells were then incubated with primary antibodies diluted in blocking 

solution overnight at 4 °C, and finally incubated with Alexa-coupled secondary 

antibodies and DAPI in blocking solution for 30 minutes at room temperature and 

affixed to slides for microscopy. Embryonic and adult tissue sections were collected onto 
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slides, dried, washed in PBT + 1% serum, and incubated with primary antibodies as 

described above. 

2.5.5 Producing Kif2a phospho-mutant cell lines 

The human Kif2a Gateway-ready clone was obtained from the Human ORFeome 

Collection (Dharmacon clone BC031929). The KIF2AS135A mutation was introduced via 

site directed mutagenesis using the Quick Change II Mutagenesis Kit (Agilent). Using 

Gateway LR Clonase (Invitrogen), both KIF2AWT and KIF2AS135A clones were transferred 

into Gateway Destination vectors compatible for retroviral vector expression modified 

to contain eGFP and FLAG tags. Retroviral transduction was carried out as previously 

reported(Goetz, Liem, and Anderson 2012). 

2.5.6 Antibodies 

The SMO antibody was raised in rabbits (Pocono Rabbit Farm and Laboratory 

Inc.) using antigens and procedures described (Johnson et al. 2008) and others; diluted 

1:500. Antibodies against KIF7 (Haycraft et al. 2005) (1:1000), ARL13B (Larkins et al. 

2011) (1:2000), GLI2 (Cho, Ko, and Eggenschwiler 2008) (1:2000) and TTBK2 (Bouskila et 

al. 2011) have been previously described. Commercially available antibodies used in 

these studies were: mouse anti- NKX2.2, ISL1 (Developmental Studies Hybridoma Bank, 

each 1:10); mouse anti- Pericentrin, (BD Biosciences #611814, 1:500) γ-Tubulin (Sigma 

SAB4600239, 1:1000), Acetylated α-Tubulin (Sigma T6793, 1:1000), polyglutamylated 

Tubulin (Adipogen AG-20B-0020, 1:2000); rabbit anti- IFT88 (Proteintech 13967-1-AP, 
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1:500), rabbit anti- IFT81 (Proteintech 1174-1-AP, 1:1000), rabbit anti- IFT140 (Proteintech 

17460-1-AP 1:500), mouse anti-FLAG (Sigma F1804, 1:1000), rabbit anti- KIF2A (Abcam 

ab37005, 1:500), TTBK2 (Proteintech 15072-1-AP, 1:1000), Calbindin (Cell Signaling 

Technology 13176-S, 1:250), VGLUT2 (EMD Millipore AB2251, 1:2500). 

2.5.7 Microscopy 

Immuno-fluorescence images were obtained using a Zeiss AxioObserver wide 

field microscope equipped with an Axiocam 506mono camera and Apotome.2 optical 

sectioning with structured illumination. Z-stacks were taken at 0.24μm intervals. Whole 

mount images of embryos and tissues were captured with a Zeiss Discovery V12 SteREO 

microscope equipped with an Axiocam ICc5 camera. Image processing and 

quantifications were performed using ImageJ. To quantify the signal intensities of ciliary 

proteins, Z stack images were captured using the 63X objective. A maximum intensity 

projection was then created for each image using ImageJ, background was subtracted. 

Cilia were identified by staining with Acetylated α-Tubulin and γ-Tubulin. Each cilium 

or portion of the cilium was highlighted using either the polygon tool or the line tool (for 

line-scan analysis), and the mean intensity was recorded for the desired channel 

(measured on an 8 bit scale), as described (M. He et al. 2014). To measure the mean 

intensity, ImageJ software was used to calculate total intensity divided by the area 

selected. Measurements taken within the cilium therefore take into account the length 
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per measurement recorded. Statistical analysis was done with the Prism7 statistical 

package (GraphPad). 

2.5.8 Transmission electron microscopy 

E10.5 embryos were fixed in a 0.1M cacodylic acid buffer (pH7.4) containing 2% 

PFA and 2.5% glutaraldehyde. The samples were washed three times with 0.1M 

cacodylic acid buffer and post stained with 1% osmium tetroxide in cacodylic buffer for 

1h. The samples were then prestained with 1% uranyl acetate (Polaron Instruments Inc., 

Hatfield, PA) overnight at 4°C. The samples were washed and carried through acetone 

dehydration steps. Infiltration was done using the Epon embedding kit (EMS). Samples 

were ultrathin sectioned (60-70nm) on a Reichert Ultracut E ultramicrotome and sections 

were stained with 2% uranyl acetate in 50% ethanol for 30min and SATO’s lead stain for 

1min. Samples were imaged on a Philips CM12 electron microscope. 

2.5.9 Western blotting and immunoprecipitation 

HEK-293T cells were transfected with constructs for tagged proteins of interest 

using Lipofectamine 3000 (Thermo Fisher) according to the manufacturer’s instructions. 

Constructs used were TTBK2FL-GFP, TTBK2FL-V5, TTBK2SCA11-V5 (1-443aa, 

Ttbk2Cterm-GFP (306-1243aa). 

For western blots, cells or tissues were lysed in buffer containing 10mM Tris/Cl 

pH7.5, 150mM NaCl, 0.5mM EDTA, 1% Triton, 1mM protease inhibitors (Sigma 
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#11836170001) and 25mM β-glycerol phosphate (Sigma 50020), and total protein 

concentration was determined using a BSA Protein Assay Kit (Thermo Fisher #23227). 

For co-IP experiments, cells were lysed in buffer containing 20mM Tris-HCl 

pH7.9, 150mM NaCl, 5mM EDTA, 1% NP-40, 5% glycerol, 1mM protease inhibitors and 

25mM β-glycerol phosphate. Immunoprecipitation of lysates was performed using 

analysis was done using GFP-Trap beads (Chromotek GTA-20) blocked with 3% BSA in 

Co-IP lysis buffer overnight prior to pull-down. rabbit α-GFP (Invitrogen A11122, 

1:10,000), mouse α-V5 (Invitrogen R96025, 1:7,000), HRP-conjugated secondaries 

(Jackson ImmunoResearch). 

2.5.10 Cerebellum quantification 

Quantification of the cerebellar tissue was done using ImageJ software. Images 

for the molecular layer analysis were taken at 20x. For measuring the molecular layer, a 

line was drawn from the top of the PC cell soma to the pial surface and the distance was 

recorded. That same line was then brought down from the pial surface to the top of the 

nearest VGLUT2 puncta along that line, the distance was recorded, and a ratio was 

calculated. Measurements were pooled equally from both sides of the primary folia of 

the cerebellum, and from four slices per animal. Images for the VGLUT2 analysis were 

10μm thick z-stacks taken at 63x. VGLUT2 puncta analysis was performed using the 

ImageJ “Analyze Particles” plug-in with the following stipulations: Size exclusion: 0.5-
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infinity, Circularity: 0–1. Measurements were pooled from 5 areas in the cerebellum, and 

from four slices per animal. 

2.5.11 RT-PCR 

RNA was extracted from brains dissected from p30 animals using the Qiagen 

RNeasy Mini Kit (Qiagen, 74104). cDNA was then made from 1μg of RNA using the 

BioRad iScript cDNA Synthesis Kit (BioRad, 1708891). PCR primers were designed to 

span the exon 4–5 boundary of Ttbk2 (F: ATGCTCACCAGGGAGAATGT, R: 

TGCATGACCACGTAGTTGAAA), lacZ (F: AGCAGCAGTTTTTCCAGTTC, R: 

CGTACTGTGAGCCAGAGTTG), and GAPDH (F: ACCACAGTCCATGCCATCAC, R: 

TCCACCACCCTGTTGCTGTA). 

2.5.12 Statistics 

Indicated statistical comparisons were performed using Graphpad Prism7. For 

multiple comparisons, a Tukey-Kramer post-hoc test was performed.  
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3. TTBK2 and primary cilia are essential for the 
connectivity and survival of cerebellar Purkinje 
neurons.  

The third chapter of this dissertation is a manuscript of the same title of which I 

am the first author along with Dr. Goetz as corresponding author. Together, both Dr. 

Sarah Goetz and I conceptualized, and designed experiments. I completed experiments, 

generated and analyzed data, produced figures, and wrote the manuscript, which Dr. 

Goetz aided in editing with me.  

3.1 Summary 

Primary cilia are vital signaling organelles that extend from most types of cells, 

including neurons and glia. These structures are essential for the development of many 

tissues and organs, however, their function in adult tissues, particularly neurons in the 

brain, remains largely unknown. Tau tubulin kinase 2 (TTBK2) is a critical regulator of 

ciliogenesis, and is also mutated in a hereditary neurodegenerative disorder, 

spinocerebellar ataxia type 11 (SCA11). Here, we show that conditional knockout of 

Ttbk2 in adult mice results in degenerative cerebellar phenotypes that recapitulate 

aspects of SCA11 including motor coordination deficits, loss of synaptic connections to 

Purkinje cells (PCs), and eventual loss of PCs. We also find that the Ttbk2 conditional 

mutant mice quickly lose cilia throughout the brain. We show that conditional knockout 

of the key ciliary trafficking gene Ift88 in adult mice results in nearly identical cerebellar 

phenotypes to those of the Ttbk2 knockout, indicating that disruption of ciliary signaling 
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is a key driver of these phenotypes. Our data suggest that primary cilia play an integral 

role in maintaining adult neuronal function, and reveal novel insights into the 

mechanisms involved in neurodegeneration.  

3.2 Introduction 

Primary cilia are organelles that serve as compartments that mediate and 

integrate essential signaling pathways, including Hedgehog (HH) signaling. Because of 

their critical roles in developmental signaling pathways (Goetz and Anderson 2010), 

disruptions to cilium assembly, structure, or function are associated with a number of 

hereditary developmental syndromes, collectively termed ciliopathies. Among the more 

common pathologies associated with ciliopathy are a variety of neurological deficits 

(Reiter and Leroux 2017). During development, ciliary signals drive the proliferation 

and patterning of neural progenitor populations (Guemez-Gamboa, Coufal, and Gleeson 

2014). Cilia then persist on post-mitotic neurons through adulthood (Sterpka and Chen 

2018). However, we have only a limited understanding of the roles for primary cilia on 

differentiated, post-mitotic neurons, particularly within the adult brain. 

Nevertheless, newly emerging evidence suggests that cilia and ciliary signaling 

may be important in adult neurons: Cilia are required for the establishment of synaptic 

connectivity in hippocampal dentate granule neurons (Kumamoto et al. 2012) and in 

striatal interneurons (Guo et al. 2017). Neuronal cilia also concentrate a wide array of 

GPCRs and other neuropeptide and neurotrophin receptors that are important for 
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complex neurological functions (Berbari et al. 2008; Domire et al. 2011; Green, Gu, and 

Mykytyn 2012; Guadiana et al. 2016). Defects in cilia structure have also been observed 

in patient samples and animal models of several neurodegenerative and 

neuropsychiatric conditions (Chakravarthy, Gaudet, Ménard, Brown, Atkinson, LaFerla, 

et al. 2012; Dhekne et al. 2018; Keryer et al. 2011; Muñoz-Estrada et al. 2018) 

We previously showed that Tau tubulin kinase 2 (TTBK2), a kinase causally 

mutated in the hereditary neurodegenerative disorder SCA11 (Houlden et al. 2007), is an 

essential regulator of ciliogenesis (Goetz, Liem, and Anderson 2012). These mutations 

are frameshift causing indels that result in premature truncation of TTBK2 at ~AA 450. 

SCA11 is characterized by the loss of Purkinje cells (PC) in the cerebellum, causing 

ataxia and other motor coordination deficits (Houlden et al. 2007; Seidel et al. 2012). 

Recently, we demonstrated that SCA11- associated alleles of Ttbk2 act as dominant 

negatives, causing defects in cilium assembly, stability, and function (Bowie et al. 2018). 

Given the association between the SCA11-associated truncations of TTBK2 and 

ciliary dysfunction, we set out to test whether loss of TTBK2 function within the adult 

brain is associated with degeneration of cerebellar neurons. The cerebellum is the region 

of the brain 3 responsible for controlling motor coordination, learning, and other 

cognitive functions. The development and morphogenesis of the cerebellum depends on 

primary cilia, which are critical for the expansion of granule neuron progenitors 

(Chizhikov et al. 2007; Spassky et al. 2008). PCs, granule neurons and interneurons as 
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well as Bergmann glia (BG) are ciliated in the adult cerebellum as well as during 

development. However, the roles of cilia and ciliary signaling in the adult cerebellum 

are unknown. 

In this study, we show that global conditional knockout of Ttbk2 during 

adulthood as well as genetic targeting of cilia using Ift88 conditional knockout mice, 

cause similar degenerative changes to cerebellar connectivity. These cellular changes are 

accompanied by motor coordination phenotypes in the mice. We demonstrate that loss 

of Ttbk2 and cilia leads to altered Ca++ homeostasis in PCs, and ultimately to loss of 

these neurons. We provide strong evidence that primary cilia and ciliary signals are 

important for maintaining the connectivity of neurons within the brain, and we 

demonstrate that dysfunction of primary cilia can cause or contribute to 

neurodegeneration within the mammalian brain. 

3.3 Results 

3.3.1 Loss of Ttbk2 from the adult brain causes SCA-like cerebellar 
phenotypes 

Mutations within TTBK2 cause the adult-onset, neurodegenerative disease 

SCA11. However, the etiology of SCA11 is ill-defined. SCA11 is somewhat unusual 

among spinocerebellar ataxias in part because the reported causal mutations are base 

pair insertions or deletions (Houlden et al. 2007; Johnson et al. 2008; Lindquist et al. 

2017), rather than the expansion of CAG repeats, which is the genetic cause of most SCA 

subtypes (Hersheson, Haworth, and Houlden 2012). To test the requirements for TTBK2 
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in maintaining neural function within the adult brain, we obtained a conditional allele of 

Ttbk2 (Ttbk2tm1c(EUCOMM)Hmgu 89) from the European Mutant Mouse Cell Repository, (referred 

to from here as Ttbk2fl). We then crossed Ttbk2fl mice to a mouse line expressing 

tamoxifen-inducible Cre recombinase driven by a ubiquitously expressed promoter, 

UBC-Cre-ERT2 (Ruzankina et al. 2007). Using this model, we induce recombination of 

Ttbk2 in all tissues of the mouse, including the brain, upon injection with tamoxifen 

(TMX). Because development of the mouse cerebellum is complete by P21 (Marzban et 

al. 2014), we chose this time to begin our TMX injections. For all of our experiments, 

control animals are either siblings with the same genotype (Ttbk2fl/fl;UBCCre-ERT2+) 

injected with oil vehicle only, or Ttbk2fl/fl;UBC-Cre-ERT2- sibling mice injected with the 

same dose of TMX. Consistent with other conditional mutants where cilia are globally 

removed in adulthood (Davenport et al. 2007) 4 month old Ttbk2c.mut mice exhibit obesity 

(Fig. 18A, A’,B: 32.29 g +/- 1.86 for Control vs. 46.33 g +/- 2.04 for Ttbk2c.mut) as well as 

cystic kidneys (Fig. 18C). Loss of TTBK2 protein was confirmed with western blot 

analysis on cerebellum lysates from Ttbk2c.mut animals and littermate controls (Fig. 18D). 

Taken together this data illustrates that Ttbk2 is required for neuronal cilia throughout 

the adult mouse brain, which is in line with our current data showing that Ttbk2 is 

required for ciliogensis and cilium stability.  
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Figure 18: Ttbk2c.mut animals have phenotypes shared with other ciliopathy 

models. 

 (A-A’) Representative images of Control (A) and Ttbk2c.mut (A’) mice. Scale bar = 1in (B) 

Quantification of weight gain in Ttbk2c.mut mice compared to Controls. (n=7 biological 

replicates, p=0.0003). (C) H&E staining of kidneys from control and Ttbk2c.mut mice. 

Ttbk2c.mut mice have polycystic kidneys. Scale bar = 100μm. (D) Western blot analysis of 

brain lysate from Ttbk2c.mut animals showing no TTBK2 expressed at three months after 
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tamoxifen injection. (E) Representative images of Control and Ttbk2c.mut brains three 

months after tamoxifen treatment. Scale bar = 1mm. (F-H) Quantification of cilia 

abundance (F), molecular layer thickness (G), and VGLUT2 puncta (H) across various 

controls. There is no significant difference between control genotypes compared to each 

other for any of these metrics using a One-way ANOVA with Tukey’s correction (In F, 

each point represents a field counted, 16 field were counted in total. In G, each point 

represents a singular measurement, three distinct primary fissures were included per 

group, 25 measurements were counted per animal. In H, each point represents puncta 

quantified from a 10μm z-stack on the caudal side of the primary fissure. n=1 animal per 

genotype for F-H, error bars indicate SEM). 

 

Because the cerebellum is critical for motor coordination and SCA11 is associated 

with motor deficits, we evaluated locomotor behavior in the Ttbk2fl/fl;UBC-Cre-

ERT2+,TMX treated animals (referred to from here as Ttbk2c.mut) relative to littermate 

controls. Within 3 weeks following induction of recombination with TMX, Ttbk2c.mut mice 

exhibited apparent locomotor deficiencies when observed in their cage (Video 1). To 

further examine motor coordination in Ttbk2c.mut mice, we employed a rotarod 

performance test. Ttbk2c.mut mice exhibited a shorter latency to fall compared to the 

littermate controls in each trial, for both the accelerating rotarod analysis as well as the 

steady speed rotarod analysis (Fig. 19A,B). These results indicate that Ttbk2c.mut mice are 

impaired in their motor coordination, consistent with 5 motor deficits observed in 

multiple mouse models of SCA (Lalonde and Strazielle 2019; Klockgether, Mariotti, and 

Paulson 2019).  

To assess whether the motor behavioral changes we observed in the 

Ttbk2c.mut animals are a consequence of changes to neuronal architecture in the adult 
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brain, we examined Ttbk2c.mut mice at 4 months of age (3 months post TMX). The brains 

of Ttbk2c.mut mice have slightly smaller olfactory bulbs, but the overall gross morphology 

of the cortex and cerebellum was unchanged (Fig. 18E). SCA11 pathology is associated 

with degeneration of the cerebellar neurons. We therefore examined the architecture and 

connectivity of neurons within the cerebellum to assess whether the Ttbk2c.mut animals 

exhibited phenotypes similar to those described for mouse models of other subtypes of 

SCA. Within the cerebellum, PCs are the major source of functional neuronal output, 

and receive excitatory inputs primarily from parallel fibers and climbing fibers. Parallel 

fibers extend from the granule neurons, which are the population of densely packed 

neurons found directly beneath PCs (Ichikawa et al. 2016). Climbing fibers extend from 

neurons of the Inferior Olivary Nuclei (ION) in the medulla of the brain stem (Kano et 

al. 2018). These connections are essential for  PC function, and the dysfunction or loss of 

these connections, particularly the VGLUT2+ excitatory synapses from the climbing 

fibers, has been shown in various mouse models of SCA  to be linked to pathology and 

disease progression (Duvick et al. 2010; Ebner et al. 2013; Furrer et al. 2013; C. J. L. M. 

Smeets and Verbeek 2016; Cleo J. L. M. Smeets et al. 2015).  



 

 

79 

 

Figure 19: Loss of Ttbk2 causes SCA-like phenotypes. 

 (A, B) Accelerating and Steady Speed Rotarod Performance Test between Ttbk2c.mut and 

littermate controls. Ttbk2c.mut animals have a shorter latency to fall time in both tests, 

indicative of impaired motor ability (A two-way ANOVA with Bonferroni’s multiple 

comparison test was used for calculating significance. P<0.0001 for accelerating rotarod 

test, and p=0.0001 for steady speed. n=9 biological replicates for Control, 8 biological 

replicates for Ttbk2c.mut). (C) Cerebellar tissue from control and Ttbk2c.mut mice at three 

months after loss of Ttbk2, immunostained for Calbindin to label Purkinje cells (red) and 

VGLUT2 to show climbing fiber synapses (green). Ttbk2c.mut animals show a reduction in 

VGLUT2 positive synapses throughout the cerebellum three months after loss of TTBK2. 

Scale bar = 50μm (D) Quantification of molecular layer length in Ttbk2c.mut cerebellar 

tissue (each point represents one measurement, 75 measurements overall. n=3 biological 

replicates. p=0.0011 by student’s unpaired t-test, error bars indicate SEM) (E) 

Quantification of VGLUT2+ puncta throughout PC dendrites. Ttbk2c.mut animals show a 

significant reduction in these VGLUT2+ synapse terminals (each point represents one 

measurement, 15 measurements per genotype, n=3 biological replicates. p<0.0001 by 

student’s unpaired t-test, error bars indicate SEM). (F) Immunostaining for IP3R to label 

calcium channel abundance (red) and nuclei (blue). Loss of IP3R expression is seen as 

early as P45 in Ttbk2c.mut cerebellum. By three months after TMX injection, IP3R 
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expression is no longer localized to secondary dendrites throughout the dendritic tree of 

PCs in Ttbk2c.mut animals. Scale bar = 50μm. 

 

At 4 months of age, the number of PCs is not affected in Ttbk2c.mut animals. 

However, we observed thinning of the molecular layer of the cerebellum, which is 

comprised of the elaborate dendrites extended from the PCs (Fig. 19C,D. 175µm +/- 3.422 

for Control vs. 160.9µm +/- 2.527 for Ttbk2c.mut). More dramatically, upon examination of 

the synaptic marker VGLUT2, we found a marked reduction in these puncta throughout 

the Ttbk2c.mut cerebellum compared to controls 6 (Fig. 19C,E 527.3 puncta +/- 12.68 for 

Control vs. 297.8 puncta +/- 15.65 for Ttbk2c.mut). We found no phenotypic differences 

between control condition animals or pre-induction Ttbk2fl/fl;UBC-Cre-ERT2+ animals at 

P21 (Fig. 18F-H). This loss of climbing fiber synapses we observed when TTBK2 is 

removed in adulthood is reminiscent of phenotypes observed in SCA1 as well as SCA7 

(Duvick et al. 2010; Furrer et al. 2013), indicating that Ttbk2c.mut mice exhibit degenerative 

cerebellar phenotypes recapitulating other subtypes of SCA. 

To further explore the role of TTBK2 in PC function, we examined calcium 

homeostasis in these neurons. PCs require an intracellular calcium modulation network 

to function. Within this network inositol 1,4,5-trisphosphate receptors (IP3Rs) are key 

calcium channel regulators needed for calcium release from the surrounding ER 

throughout the PC (Sarkisov and Wang 2008). Precise regulation of IP3R activity is 

critical, and a balance of calcium channel release is imperative to the overall function of 
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the cerebellum. Mutations in the IP3R1 gene have been linked to SCA15 and SCA29, 

while overexpression of IP3R1 underlies phenotypes within SCA2 and SCA3 (Tada, 

Nishizawa, and Onodera 2016). Due to these links to other SCA-related phenotypes, we 

therefore examined IP3R expression throughout the Ttbk2c.mut animals. We found that 

IP3R expression is reduced in Ttbk2c.mut compared to controls starting at P45, with 

expression strongly reduced in the dendrites by three months after TMX (Fig. 19F). 

Thus, like mouse models of other SCA subtypes, the PCs of Ttbk2c.mut animals exhibit 

defects in calcium modulation consistent with dysfunction of these cells.  

3.3.2 Loss of Ttbk2 causes changes to ION neurons and BG 

Next, we tested whether loss of Ttbk2 affects other key cell types that have been 

linked to the pathology of SCA in addition to the PCs. Climbing fibers extend from 

neurons of the inferior olivary nucleus (ION) in the medulla. These fibers traverse the 

brain stem, enter the cerebellar cortex, and innervate the PC dendrites (M. Watanabe 

and Kano 2011). Since we saw a reduction of the VGLUT2+ synaptic terminals between 

these climbing fibers and PC dendrites, we examined the soma of the ION neurons from 

which these climbing fibers extend. In several subtypes of SCA, including SCA1, 2, 3, 6 

and 7 (Seidel et al. 2012), the pathology of the disorder is characterized in part by the 

shrinking of the ION soma; a characteristic that is also observed in mouse models of 

these diseases. Neurons within the ION can be identified by the dual expression of 

Calbindin and NeuN in the medial ventral region of the medulla (Fig. 20A,B). We used 
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NeuN to label the perikaryon of neurons within the ION, and measured the area of the 

somata of ION neurons, comparing Ttbk2c.mut and control animals. We found a significant 

reduction in the area of ION neuron soma in Ttbk2c.mut mice at 4 months of age compared 

to controls (Fig. 21A,B; 180.4µm2 +/- 1.93 for Control vs. 109µm2 +/- 1.01 for 

Ttbk2c.mut).This implies that, in addition to the PCs themselves, the neurons sending 

critical inputs to the PCs are perturbed in Ttbk2c.mut mice. 

 

Figure 20: Identification of ION neurons within the medulla. 

 (A) The location of the mouse Inferior Olivary Nucleus (ION, dotted outline) within the 

medulla oblongata of the brain stem. Scale bar = 10mm. (B) Neurons within the ION are 

stained for Calbindin (red), NeuN (green), and Dapi (blue) with separate channels 

shown (right panel). The ION is found at the medial ventral part of the medulla 

oblongata, below the Superior Olivary Nucleus. Scale bar = 100μm. 

 

Throughout the brain, astrocytes and glia also play important roles in 

maintaining synaptic connectivity and strength. In the cerebellum, the processes of the 

BG are interspersed with PC dendrites in the molecular layer, with BGs enwrapping the 
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excitatory synapses of the PCs (Leung and Li 2018). Since defects in BG morphology 

have been linked to the etiology of SCA7 (Furrer et al. 2011), we investigated the BG 

population in Ttbk2c.mut. To assess the morphology of BGs in the Ttbk2c.mut animals and 

evaluate whether defects in these cells may contribute to the phenotype. We used GFAP 

to visualize BG fibers that extend throughout the cerebellar folia, and found that the 

numbers of glial fibers were moderately reduced in Ttbk2c.mut cerebellar folia compared to 

littermate controls (Fig. 21C,D; 11.44 BG fibers +/- 0.29 for Control vs. 7.64 BG fibers +/- 

0.22 for Ttbk2c.mut), suggesting that loss of Ttbk2 affects the morphology, and perhaps the 

function of BGs. Taken together, these data suggest that loss of Ttbk2 affects several cell 

types in the cerebellum and medulla, underscoring the widespread importance of Ttbk2 

within these tissues. 
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Figure 21: ION and glial cells are affected by loss of Ttbk2. 

 (A) Representative images of neurons in the inferior olivary nucleus (ION) located in 

the medulla. Neuron somata are immunostained with NeuN (green). Insets show how 

area was measured. Scale bar = 50μm (20μm inset) (B) Quantification of NeuN area. ION 

neurons have reduced area in Ttbk2c.mut animals compared to control (each point 

represents single cell measurement of which >150 measurements were made per 

replicate. n= 3 biological replicates,  p<0.0001 by unpaired student’s t-test, error bars 

indicate SEM). (C) GFAP staining showing Bergmann glial fibers throughout the 

molecular layer. In Ttbk2c.mut animals, density of these fibers is reduced. Quantification 

was done as previously described (Furrer et al., 2011) in which a 50μm line was drawn 

from the pial surface of the folia, and a 100μm across. Glial fibers that fully crossed the 

100μm line were scored. Scale bar = 20μm. (D) Quantification of GFAP+ glial fibers 

which crossed the 100μm line (each point represents an image quantified, 36 images 
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quantified per genotype across n=3 biological replicates. p<0.0001 by unpaired student’s 

t-test, error bars indicate SEM). 

 

3.3.3 TTBK2 is required cell-autonomously in PCs to maintain their 
connectivity 

Dysfunction and eventual atrophy of the PCs in the cerebellum is the primary 

pathology underlying SCA11 in human patients (Houlden et al. 2007). In our conditional 

Ttbk2 mutant mice, the most prominent phenotype is altered connectivity of the PCs 

with additional cellular changes seen in the BGs as well as ION neurons. To determine 

the degree to which these defects are due to cell autonomous vs non-cell-autonomous 

requirements for Ttbk2 in the PCs, we used the PC-specific Cre line PCP2-Cre, which 

drives recombination specifically in PCs within the cerebellum beginning at P6 (X.-M. 

Zhang et al. 2004). At P30, Ttbk2fl/fl;PCP2-Cre+ (referred to from here as Ttbk2PCP2) animals 

have normal cerebellar structure and synaptic connectivity, with molecular layer 

thickness that is comparable to littermate control animals (Fig. 22A,C. 202.7µm +/- 3.51 

in P30 control vs. 191.5µm +/- 3.21 in P30 Ttbk2PCP2). Synaptic connectivity in the PCs, as 

measured by VGLUT2+ puncta, is not significantly changed between P30 control and 

Ttbk2PCP2 animals (Fig. 22A,D; 548.2 puncta +/- 13.36 in P30 control vs. 538.9 puncta +/- 

18.14 in P30 Ttbk2PCP2). This indicates that despite postnatal loss of Ttbk2, initial 

connections between PCs and climbing fibers are established normally. By P90, 

however, Ttbk2PCP2 animals exhibited phenotypes largely recapitulating those observed 

in the Ttbk2c.mut animals. While molecular layer thickness between the P90 Control and 
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Ttbk2PCP2 was not changed (Fig. 22B,C; 202.9µm +/- 2.11 in P90 control vs. 197.4µm +/- 

4.18 in P90 Ttbk2PCP2), we see a significant decrease in VGLUT2 puncta throughout the 

cerebellum (Fig. 22B,D; 549.9 puncta +/- 15.47 in P90 control vs. 476.9 puncta +/- 15.82 in 

P90 Ttbk2PCP2), indicating that PCs have started to lose these important connections from 

the climbing fiber synapses.  

We then assessed motor coordination P30 and P90 Ttbk2PCP2 animals using the 

rotarod performance test and did not observe significant changes in P30 animals. 

However, by P90, the Ttbk2PCP2 animals consistently exhibited reduced latency to fall on 

both the accelerating rotarod as well as the steady state rotarod performance tests (Fig. 

22E,F). These data show that loss of Ttbk2 specifically from PCs causes 

neurodegenerative phenotypes.  

Our data from the Ttbk2 global conditional knockouts revealed that the 

morphology of BGs was modestly perturbed (Fig. 21C,D). Since defects in BGs have 

been shown to non-cell autonomously contribute to the degenerative phenotypes 

observed in SCA7 (Furrer et al. 2011), we tested whether deletion of TTBK2 specifically 

from these cells could also result in loss of synapses and other degenerative changes to 

the PCs. We crossed Ttbk2fl/fl animals to a GLAST-CreER mouse (Y. Wang et al. 2012) to 

produce Ttbk2fl/fl;GLASTCreER+ mice to inducibly recombine the Ttbk2 allele specifically 

within glial cells. Following the same TMX injection protocol used for the Ttbk2c.mut 

experiments, we do not see changes to the VGLUT2+ synapses on PC dendrites (Fig. 
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22G-I). These data indicate that the PC phenotypes observed in the Ttbk2c.mut mice are 

primarily cell-autonomous.  

 

Figure 22: Cell autonomous requirements for Ttbk2 in the cerebellum. 

 (A,B) Representative images of Control and Ttbk2f/f;PCP2Cre+ (Ttbk2PCP2) animals at age 

P30 (A) and P90 (B), immunostained for Calbindin to label PCs (red), VGLUT2 to label 

synapses (green), and nuclei (blue). VGLUT2 terminals are reduced in P90 Ttbk2PCP2 

animals compared to P30 Ttbk2PCP2 animals. Scale bar = 20μm. (C) Quantification of 

molecular layer thickness in P30 and P90 Ttbk2PCP2 and control animals (each point 

represents one measurement, 75 measurements per genotype. n=3 biological replicates. 

No significance reported by One-way ANOVA with Tukey correction, error bars 

indicate SEM. (D) Quantification of VGLUT2+ puncta analysis in P30 and P90 Ttbk2PCP2  

and control animals. There are no differences in the number of puncta at P30,  however 

these are significantly reduced by P90 (each point represents one field analyzed, 5 
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images analyzed per biological replicate, n= 3 biological replicates. p = 0.0098 by One-

way anova with Tukey correction, error bars indicate SEM). (E) Accelerating rotarod 

performance test of Ttbk2PCP2 and littermate controls from P30 to P90. Ttbk2PCP2 animals 

have a significantly shorter latency to fall time at P90 compared to P30 (A two-way 

ANOVA with Bonferroni’s multiple comparison test was used for calculating 

significance. P=0.1051 for P30 accelerating rotarod test, and p=0.0161 for P90 accelearting 

rotarod test) (F) Steady speed rotarod performance test of Ttbk2PCP2  and littermate 

controls aging from P30 to P90. At P30 Ttbk2PCP2 animals do not have a shorter latency to 

fall time compared to controls on the steady speed rotarod. However, by P90 there is a 

drastic reduction in latency to fall time for Ttbk2PCP2 animals compared to controls, 

indicative of impaired motor ability with age (A two-way ANOVA with Bonferroni’s 

multiple comparison test was used for calculating significance. P=0.7819 for P30 steady 

speed rotarod test, and p=0.0023 for P90 steady speed rotarod test. n=6 biological 

replicates for Control, n=4 biological replicates for Ttbk2PCP2). (G) Representative images 

of Control and Ttbk2fl/fl;GLAST-CreER (Ttbk2GLAST) animals three months after p21 TMX 

treatment, immunostained for Calbindin to label PCs (red), VGLUT2 to label synapses 

(green) and nuclei (blue). Compared to Ttbk2c.mut and Ttbk2PCP2 mice, there is no loss of 

VGLUT2 synapses throughout the PC dendrites of Ttbk2GLAST mice. (H) Quantification of 

molecular layer length in Ttbk2GLAST and control animals (each point represents one 

measurement, 75 measurements per genotype. n=3 biological replicates. No significance 

reported by student’s unpaired t-test, error bars indicate SEM). (I) Quantification of 

VGLUT2+ puncta analysis in Ttbk2GLAST and control animals. There is no difference in the 

number of puncta between these conditions (each point represents a field analyzed, 5 

images analyzed per biological replicate, n= 3 biological replicates. No significance 

reported by student’s unpaired t-test, error bars indicate SEM). 

 

3.3.4 Conditional knockout of Ttbk2 ultimately leads to loss of 
Purkinje cells 

In the first 3 months following TMX injections, the phenotypes exhibited by the 

Ttbk2c.mut mice consisted mainly of altered synaptic connectivity between PC and ION 

climbing fibers and accompanying deficits in motor coordination (Fig.19). However, 

when we assessed the cerebellar phenotypes of animals at 6 months of age (5 months 

following TMX injection), we found gaps in the molecular layer where PCs appear to be 
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absent (Fig. 23A). We quantified this observation by counting PC soma within a defined 

region of the primary fissure, and confirmed that the number of PCs is reduced in 6 

month old Ttbk2c.mut mice compared to littermate controls of the same age, as well as 

compared to 4 month old Ttbk2c.mut mice (Fig. 23B; 18.5 +/- 0.29 PCs per 500 µm for 4 

month Control vs. 18.42 PCs +/- 0.34 for 4 month Ttbk2c.mut; 18.67 PCs +/- 0.43 for 6 month 

Control vs. 11.92 PCs +/- 0.74 for 6 month Ttbk2c.mut). Thus, loss of Ttbk2 ultimately leads 

to loss of PCs, a phenotype that characterizes SCA11 and other SCA subtypes. 

Moreover, this analysis reveals that remaining cilia in the Ift88c.mut brains are abnormal. 

 

Figure 23: Aged Ttbk2c.mut animals lose Purkinje cells. 

 (A) Representative images showing folia of 4m old Ttbk2c.mut (top) and 6m old Ttbk2c.mut 

animals (bottom) with respective littermate controls. Cerebellum tissue is stained for 

Calbindin to show PC. 6mo Ttbk2c.mut have large stretches of folia missing Calbindin+ PC 

soma compared to 4m Ttbk2c.mut. Scale bar 50μm. (B) Quantification of the loss of PC 

soma along 500μm stretch of the primary fissure. (n=36 measurements across 3 

biological replicates. p<0.0001 by student’s unpaired t-test, error bars indicate SEM). 
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3.3.5 Ttbk2c.mut animals lose neuronal primary cilia prior to the onset 
of neurodegenerative phenotypes 

Our prior work demonstrated that mutations associated with SCA11, which 

result in the expression of a truncated protein, interfere with the function of full-length 

TTBK2. In particular, these mutations dominantly interfere with cilia formation in 

embryos and cultured cells (Bowie et al., 2018). Throughout the adult cerebellum and 

other regions of the hindbrain, neurons possess primary cilia (Fig. 24A-C). Within 20 

days following administration of TMX to induce recombination (P45), the number of 

ciliated cells in the cerebellum declined dramatically in Ttbk2c.mut mice: from a mean of 

22.46 cilia per 32mm2 field +/- 0.7626 in control animals to 2.36 cilia per 32mm2 field +/- 

0.3103 in Ttbk2c.mut animals (Fig. 24D,E). This loss of cilia was observed throughout the 

cerebellum, brain stem, and other areas of the brain which we examined such as the 

hippocampus and the cortex (Fig. 25A,B). Thus, loss of cilia coincides with the 

behavioral changes we identified in Ttbk2c.mut mice yet precedes the cellular changes we 

have identified throughout the cerebellum as Ttbk2c.mut mice age.  
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Figure 24: Ttbk2 is critical for primary cilia stability on neurons. 

 (A-C) Representative images of cilia on specific cell types throughout parts of the 

cerebellum and medulla. Sections from a mouse expressing the knock in allele for 

ARL13B tagged with cherry were immunostained for γ-Tubulin to label centrosomes 

(white), and various cell specific markers such as Calbindin to label Purkinje Cells (red, 

A), NeuN to label granule neurons (red, B), and FoxP2 to label neurons within the 

Inferior Olivary Nucleus (red,C). Insets show boxed areas. Scale bar = 50μm, 10μm for 

insets. (D) Representative images illustrating cilia loss in the cerebellum twenty days 

after tamoxifen treatment. Sections were immunostained for ARL13B to label cilia (red) 

and γ-Tubulin to label centrosomes (green). For quantification purposes images were 

taken at the nexus between the molecular layer (ML) and granule layer (GL) with the 

Purkinje cell layer (PCL) in the middle of the imaging field where there is an abundance 

of cilia. Scale bar =50μm. (E) Quantification of cilia loss after TMX treatment (n = 36 

images counted, 3 biological replicates, p<0.0001 student’s unpaired t-test, error bars 

indicate SEM).  
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Figure 25: Cilia loss is ubiquitous throughout the brain of Ttbk2c.mut animals. 

 (A,B) Sagittal sections of Ttbk2c.mut brains stained for AC3 to label cilia (red) and DAPI for 

nuclei. Neurons in the hippocampus (A) and the cortex (B) have lost cilia three months 

after tamoxifen injections in Ttbk2c.mut animals. Scale bar = 20μm. 

 

3.3.6 Loss of the cilium assembly gene Ift88 recapitulates Ttbk2c.mut
 

phenotypes 

Ttbk2 is essential both for the initiation of cilium assembly as well as for the 

structure and stability of cilia (Bowie et al. 2018; Goetz, Liem, and Anderson 2012). 

Given this critical link between TTBK2 and primary cilia in all cell types examined both 

during development as well as in adult tissues, we next tested whether loss or 
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dysfunction of cilia function via a different genetic mechanism causes convergent 

phenotypes to those of the Ttbk2c.mut mice. For these studies we turned to conditional 

mutants of another key ciliary protein, Intraflagellar Transport Protein 88 (IFT88). IFT88 

is a component of the IFTB particle required for assembly of the ciliary axoneme as well 

as anterograde trafficking within the cilium (Pazour et al. 2000). Our previous work 

shows that IFT88 functions downstream of TTBK2 in cilium initiation (Goetz, Liem, and 

Anderson 2012), with TTBK2 being required for IFT recruitment. In the developing and 

postnatal brain, IFT88 is important for cilia structure in the hippocampus and cortex 

(Willaredt et al. 2008) and when knocked out in these specific neuron populations 

results in memory deficits (Berbari et al. 2014). Additionally, Ift88 null mutants exhibit 

nearly identical embryonic phenotypes to those of Ttbk2 null mutants (Murcia et al. 

2000). When we knocked out Ift88 using the same methods described for Ttbk2c.mut 

animals, we observed that the numbers of cilia were significantly reduced in Ift88c.mut 

cerebella at 3 months post TMX treatment, although more cilia remain in Ift88c.mut 

cerebella compared to the Ttbk2c.mut animals with the same treatment (Fig. 26A,C; 17.31 

cilia per 32mm2 field +/- 0.65 for Control vs. 12.13 cilia per 32mm2 field +/- 0.50 for 

Ift88c.mut). Western blot analysis of cerebellar tissue from Ift88c.mut mice reveals that a small 

amount of IFT88 protein perdures in brain tissue (Fig. 26B). This could, in part, help to 

explain why we do not see a full loss of cilia throughout the cerebellum similar to what 

we observed in the Ttbk2c.mut mice. Regardless, the cilia that do remain in Ift88c.mut animals 
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are shorter in length than controls (Fig. 26D; 2.31µm +/- 0.10 for control vs. 1.70µm +/- 

0.08 for Ift88c.mut).  
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Figure 26: Ift88c.mut have fewer, shorter cilia throughout the cerebellum and 

mislocalization of ciliary membrane markers. 

(A) Representative images illustrating cilia loss in the cerebellum of Ift88c.mut animals, 

immunostained for ARL13B to label cilia (red), PCNT to label centrosomes (green) and 
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nuclei (blue) Scale bar = 20μm. (B)  Western blot analysis of loss of IFT88 in brain lysate 

three months after TMX injections in Ift88c.mut animals. (C)Quantification of cilia loss. 

Unlike in the cerebellum of Ttbk2c.mut mice, cilia loss is less dramatic in the cerebellum of 

Ift88c.mut animals (each point represents a field scored, 45 fields scored per genotype. n=3 

biological replicates. p<0.0001 by student's unpaired t-test, error bars indicate SEM) (D) 

Quantification of cilia length between Control and Ift88c.mut. Cilia in Ift88c.mut cerebellum 

are shorter (each point represents a single cilium, 80 cilia were measured between 

genotypes. n=3 biological replicates, p < 0.0001 by student’s unpaired t-test, error bars 

indicate SEM). (E,F) Cilia from 6 month old Control and Ift88c.mut stained for γ-Tubulin to 

label centrosomes (magenta), ARL13B to label cilia membrane (red), AC3 to label cilia 

membrane (green) and dapi (blue). Ift88c.mut lose AC3+ cilia (E) and a subset of 

AC3+/ARL13B+ double positive cilia (F). Scale bar = 5μm (E) and 1μm (F). (G) 

Quantification of cilia that are only AC3+ throughout the cerebellum. Ift88c.mut animals 

have a strong reduction in this population of cilia. (each point represents a field scored, 

36 field scored per genotype. n=3 biological replicates. p<0.0001 by student’s unpaired t-

test, error bars indicate) (H) Quantification of double positive AC3+/ARL13b+ cilia 

throughout the cerebellum. Similar to AC3+ data, there is a reduction of this population 

of cilia in Ift88c.mut animals (each point represents a field scored, 36 field scored per 

genotype. n=3 biological replicates. p<0.0001 by student’s unpaired t-test, error bars 

indicate SEM). 

 

To further characterize the remaining cilia in the brains of Ift88c.mut mice, we 

examined additional makers of the ciliary membrane, including Adenylate Cyclase 3 

(AC3) (Guadiana et al. 2016). We observed that within the WT cerebellum, there are at 

least 3 distinct populations of cilia; one of which is positive only for ARL13B, another 

which is AC3+ and lacks ARL13B (Fig. 26E, arrowhead), and a population that is 

positive for both AC3 and ARL13B (Fig. 26F), In our Ift88c.mut animals, we observe that 

AC3+ cilia, either with or without ARL13B, are strongly reduced (AC3+: Fig. 26E,G: 3.42 

cilia per 32mm2 field +/- 0.32 in Control vs. 0.22 cilia per 32mm2 field +/- 0.09 in Ift88c.mut; 

AC3+/ARL13B+: Fig. 26F,H: 4.06 cilia per 32mm2 field +/- 0.24 in Control vs. 1.94 cilia 
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per 32mm2 field +/- 0.20 in Ift88c.mut). This analysis suggests that IFT88 is required for the 

localization of specific signaling molecules such as AC3 to neuronal primary cilia 

throughout the cerebellum.  

We then examined cerebellar structure and circuitry in Ift88c.mut animals. Similar 

to our findings in Ttbk2c.mut animals, no changes to PC number were evident at 3 months 

post TMX treatment. Molecular layer thickness was reduced in Ift88c.mut animals (Fig. 

27A,B; 182.3µm +/- 2.5 in Control vs. 169.3µm +/- 3.04 in Ift88c.mut). Similarly, VGLUT2 

puncta were reduced in Ift88c.mut compared to controls (Fig. 27A,C; 515.7 puncta +/- 20.58 

in control vs. 395.6 puncta +/- 13.7 in Ift88c.mut). We also tested Ift88c.mut animals on the 

rotarod performance test to uncover any motor coordination deficits, given that these 

mice exhibit similar cellular changes to those of the Ttbk2c.mut animals. These tests 

revealed that Ift88c.mut animals also have a shorter latency to fall time on the steady speed 

rotarod performance test, but not on the accelerating rotarod performance test (Fig. 

25D,E), while Ttbk2c.mut animals have a shorter latency to fall time on both accelerating 

and steady speed rotarod performance tests (Fig. 19A,B). Currently, steady speed 

rotarod analysis is thought to more accurately detect motor coordination deficits, while 

the accelerating rotarod test can also be affected by mouse fatigue (Monville, Torres, and 

Dunnett 2006). Taken together, these data show that loss of IFT88 from the adult brain 

results in impaired ciliary structure and similar defects in cerebellar architecture and 

locomotor behavior to those observed in the animals lacking TTBK2.  
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Figure 27: Loss of IFT88 recapitulates neurodegenerative phenotypes of 

Ttbk2c.mut animals. 

 (A) Cerebellar tissue from control and Ift88c.mut mice at three months after loss of Ift88, 

immunostained for Calbindin to label Purkinje cells (red) and VGLUT2 to show 

climbing fiber synapses (green). Ift88c.mut animals show a reduction in VGLUT2 positive 

synapses throughout the cerebellum three months after loss of IFT88. Scale bar = 50μm. 

(B) Molecular layer length quantification of Ift88c.mut animals compared to littermate 

controls. Each point represents one measurement, >75 measurements taken per 

genotype. n=3 biological replicates. p=0.0037 by unpaired student’s t-test, error bars 
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indicate SEM. (C) Quantification of loss of VGLUT2 synapses along PC dendrites in 

Ift88c.mut animals. Each point represents a field analyzed, 5 images analyzed per 

biological replicate, n= 3 biological replicates. p<0.0001 by unpaired student’s t-test, error 

bars indicate SEM. (D, E) Accelerating and Steady Speed Rotarod Performance Test 

between Ift88c.mut and littermate controls. Ift88c.mut animals do not have a significance 

difference in latency to fall time on the accelerating rotarod; however, the steady speed 

rotarod test showed a significantly shorter latency to fall time compared to controls. (A 

two-way ANOVA with Bonferroni’s multiple comparison test was used for calculating 

significance. p=0.8343 for accelerating rotarod test, and p=0.0005 for steady speed. n=6 

biological replicates for Control, n=4 biological replicates for Ift88c.mut). 

 

We further assessed whether the Ift88c.mut animals also lose PCs as they age, as 

was the case for the Ttbk2c.mut mice (Fig. 23). 6 month-old Ift88c.mut animals show gaps 

throughout the PC layer, and have reduced numbers of PC soma (Fig. 28A,B; 17.5 +/- 

0.44 per 500µm in 4mo control vs. 16.92 PC soma +/- 0.31 in 4mo Ift88c.mut. 17.17 PC soma 

+/- 0.55 in 6mo control vs. 12.67 PC soma +/- 0.43 in 6mo Ift88c.mut). Coupled with these 

findings, the molecular layer thickness is further reduced in 6mo Ift88c.mut animals (Fig. 

28C-E; 173.9µm +/- 2.28 in 6mo control vs. 158.0µm +/- 1.63 in 6mo Ift88c.mut), as well as 

VGLUT2 puncta counts were diminished in 6 month old Ift88c.mut (Fig. 28C,D,F; 645.9 

puncta +/- 26.83 in 6mo control vs. 461.4 puncta +/- 25.42 in 6mo Ift88c.mut).  
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Figure 28: Loss of PCs occurs in Ift88c.mut mice by 6 months of age. 

 (A) Cerebellar folia from Control and Ift88c.mut at 6 months of age, five months after loss 

of Ift88, stained for Calbindin (red) and dapi (blue). Six month old Ift88c.mut mice begin to 

show PC gaps throughout cerebellar folia indicating loss of PC. Scale bar=50μm. (B) 

Quantification of number of PC soma per 500μm stretch of folia on the primary fissure 

between Control and Ift88c.mut at 4 months and 6 months of age. Six month old Ift88c.mut 

show a reduced number of PC soma throughout the cerebellum (each point represents 

one measurement, twelve measurements were made per condition. n=3 biological 

replicates per condition. p<0.0001 by one-way ANOVA between all conditions, error 

bars indicate SEM). (C, D) 6 month old cerebellar tissue from Control and Ift88c.mut mice 

immunostained for Calbindin to label PC (red) and VGLUT2 to show climbing fiber 

synapses (green) and dapi (blue). Ift88c.mut animals show a reduction in VGLUT2 positive 

synapses throughout the cerebellum. Scale bar = 50μm. (E) Quantification of molecular 

layer thickness between 6 month old Control and Ift88c.mut animals. Ift88c.mut have shorter 

folia compared to littermate controls (each point represents one measurement, >75 

measurements taken per genotype. n=3 biological replicates. p<0.0001 by unpaired 
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student’s t-test, error bars indicate SEM). (F)  Quantification of loss of VGLUT2 synapses 

along PC dendrites in 6 month Ift88c.mut animals. Ift88c.mut a loss similar to the loss seen in 

4 month old Ift88c.mut animals (each point represents a field analyzed, 5 images analyzed 

per biological replicate, n= 3 biological replicates. p<0.0001 by unpaired student’s t-test, 

error bars indicate SEM). 

 

3.4 Discussion 

In this work, we have tested the hypothesis that SCA11 pathology results from 

the requirements for TTBK2 in cilium assembly and stability. We show that TTBK2 is 

essential for maintaining the connectivity and viability of PCs in the adult cerebellum. 

These phenotypes are similar to those reported for mouse models of other subtypes of 

SCA as well as consistent with many aspects of SCA11 in human patients, suggesting 

that the Ttbk2c.mut mice model the human condition. We further demonstrate that mice 

conditionally lacking the ciliary protein IFT88 in adult tissues exhibit highly similar 

neurodegenerative phenotypes to those that we observe in the Ttbk2c.mut mice, including 

loss of excitatory synapses from the climbing fibers and the eventual loss of PCs. The 

high degree of convergence of these phenotypes suggests that the neural degenerative 

phenotypes of the Ttbk2c.mut mice are driven primarily by the requirement for TTBK2 in 

mediating cilium assembly, and points to a critical role for these organelles in 

maintaining neuronal function during adulthood. 

Cilia and ciliary signals play a variety of important roles during embryonic and 

postnatal development of the brain and central nervous system. Cilia are linked to 

processes including the expansion and patterning of neural progenitors (Guemez-
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Gamboa, Coufal, and Gleeson 2014), the migration and laminar placement of 

interneurons (Higginbotham et al. 2012), and in the establishment of neuronal 

morphology (Guadiana et al. 2016; Sarkisian and Guadiana 2015). Consistent with the 

varied roles of cilia in neural development, an array of neurological deficits are among 

the most common hallmarks of ciliopathies (J. H. Lee and Gleeson 2010; Youn and Han 

2017), highlighting the importance of these organelles in human health. In addition to 

their critical developmental functions, mounting evidence supports an important role 

for ciliary signaling in tissue regeneration and homeostasis in adult organs, including 

the kidneys(Davenport et al. 2007), skin (Croyle et al. 2011), skeletal muscle (Kopinke, 

Roberson, and Reiter 2017) and bone (E. R. Moore et al. 2018).  

Within the adult CNS, dysfunction of ciliary trafficking is linked to retinal 

degeneration (Wheway, Parry, and Johnson 2014). Degeneration of photoreceptors is a 

feature of many human ciliopathies as well as mouse models of these disorders (Braun 

and Hildebrandt 2017; Bujakowska, Liu, and Pierce 2017), and occurs as trafficking 

within the outer segments (the modified cilium) of these cells fails. This results in 

accumulation of rhodopsin within the cell body and leading to death of the 

photoreceptor neurons through mechanisms that are not completely understood (Seo 

and Datta 2017). In addition, conditional loss of the ciliary protein ARL13B from mouse 

striatal interneurons both during their development as well as in the mature brain, 

results in changes in their morphology and connectivity (Guo et al. 2017). Our work 
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extends these findings and provides strong genetic evidence that primary cilia and 

signals mediated by these organelles are important to maintain the morphology of 

neurons as well as their synaptic connections. In addition, we have shown that a specific 

type of neuron within the brain, cerebellar PCs, requires a functional primary cilium for 

their survival. Of substantial interest for future studies in our laboratory is the question 

of whether additional types of neurons in other regions of the brain require primary cilia 

to maintain their connectivity or viability. These include neurons that are affected by 

other more common neurodegenerative conditions, such as hippocampal neurons 

affected by Alzheimer’s disease, midbrain dopaminergic neurons lost in Parkinson’s 

disease, or medium spiny neurons affected in Huntington’s disease. 

While the precise nature of the ciliary signals that maintain the connectivity and 

viability of neurons remains unknown, there are a number of candidates. Many different 

GPCRs and associated signaling cascades and second messengers have been shown to 

concentrate in primary cilia or to be enriched predominantly at the primary cilium 

(Mykytyn and Askwith 2017). In particular cAMP and Ca++ are highly concentrated 

within the cilium (B. S. Moore et al. 2016). Misregulation of these concentrations through 

either ciliary loss or dysfunction could therefore be expected to result in perturbed 

signaling outputs to the cell bodies of these neurons. Provocatively, we find that AC3, a 

molecule important for the production of cAMP, is largely absent from the cilia that 

remain in the brains of Ift88c.mut animals, suggesting that this may be a contributing 
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mechanism. Additionally, primary cilia play a well-known role as essential mediators of 

Hedgehog (HH) signaling. Sonic Hedgehog (SHH) is secreted by PCs both during 

development as well into adulthood (Lewis et al. 2004; Traiffort et al. 1998), although the 

precise role and functional significance of SHH within the adult cerebellum is largely 

unclear. Ultimately, it will be important to investigate the regulation and molecular 

composition of neuronal cilia in a comprehensive and unbiased manner. 

Our data show that conditional mutants of Ttbk2 and Ift88 have similar 

phenotypes with respect to loss of excitatory synapses to PCs from the climbing fibers, 

motor coordination deficits, and eventually loss of PCs. This evidence suggests that 

these defects are the result of ciliary loss or dysfunction. We note however, that the 

ciliary phenotypes that result from loss of Ttbk2 differ from those observed in the Ift88 

conditional mutants in the context of the adult brain. Ttbk2 conditional mutant mice 

rapidly lose cilia following administration with TMX, with nearly all cilia within the 

cerebellum being absent within 20 days. In contrast, the numbers of cilia in the Ift88 

conditional mutants are only slightly reduced 3 months following TMX. However, these 

cilia exhibit significant abnormalities, including reduced length, and a near-complete 

loss of adenylate cyclase 3 (AC3) from the remaining cilia. This suggests that the 

degenerative phenotypes observed in both conditional mutants are driven by the loss of 

a specific ciliary signal.  
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These observations also have interesting implications for the regulation of cilium 

assembly and stability both generally and in post-mitotic adult cells and neurons in 

particular. We find for example, that most IFT88 protein is lost in Ift88 conditional 

mutants as expected. However, the cilia persist on adult neurons within the brain in the 

absence of IFT88, suggesting that fully functional IFT is not required for these cilia. In 

contrast, in the absence of TTBK2, cilia are rapidly lost. This suggests that TTBK2 could 

be playing a more central role in maintaining the stability of cilia in this context than IFT 

machinery. The exact mechanisms by which TTBK2 regulates the stability of cilia and 

the degree to which this role may be specifically important in neurons will be the subject 

of future investigations within our lab. In particular, the dynamics of cilium assembly 

and disassembly in post-mitotic cells in vivo have not been characterized. For example, a 

recent study found that the proteins that comprise the basal body of adult neurons in the 

mouse are very long-lived while those of the ciliary axoneme turn over more quickly 

(Arrojo E Drigo et al. 2019). This might imply that the cilia of these adult neurons turn 

over at some interval, or simply that their protein components are replaced- a topic that 

merits further investigation. 

In addition to being required for the biogenesis of cilia, TTBK2 also localizes to 

the + tips of microtubules, mediated through its interaction the + end binding protein 

EB1 (Jiang et al. 2012). TTBK2 has also been shown to phosphorylate β-Tubulin as well 

as microtubule associated proteins TAU and MAP2 through in vitro assays (Takahashi 
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et al. 1995; Tomizawa et al. 2001), pointing to roles for TTBK2 in the regulation of the 

microtubule cytoskeleton beyond the cilium. In addition, TTBK2 and the closely related 

kinase TTBK1 both phosphorylate SV2A in vitro, a component of synaptic vesicles 

important for the retrieval of the membrane trafficking protein Synaptotagmin 1 during 

the endocytosis of synaptic vesicles (N. Zhang et al. 2015). While our data showing that 

the Ttbk2 mutant phenotypes strongly overlap with those of other ciliary genes, such as 

Ift88, we can not exclude the possibility that other roles of TTBK2 specifically within the 

brain also contribute to the degenerative phenotypes. Importantly, these two 

possibilities are not mutually exclusive, and indeed, one exciting possibility is that 

TTBK2 is important for relaying signals from the cilium to the neuronal cell body. 

In this work, we present evidence that loss or impaired function of TTBK2 within 

the brain results in degeneration of PCs due largely to the requirement for TTBK2 in 

mediating the assembly and stability of primary cilia. This points to ciliary dysfunction 

as being a major mechanism underlying the pathology of SCA11, which is caused by 

truncating mutations to TTBK2 (Houlden et al. 2007) that act as dominant negatives 

(Bowie et al. 2018). In addition, our work raises the possibility that cilia play an 

important, largely unappreciated role in maintaining neuronal connectivity within the 

brain, and may also be required for the viability of some types of neurons. From a 

clinical perspective, our findings suggest that neurodegeneration, in addition to other 

neurological impairments with a developmental origin, may emerge in some patients 
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with ciliopathies such as Joubert and Bardet Biedl syndromes, particularly as patients 

age. 

3.5 Materials and Methods 

3.5.1 Mouse Strains  

Ttbk2c.mut mice were produced by crossing Ttbk2tm1a(EUCOMM)Hmgu mice to ACTB:FLPe 

(Jax stock #003800). The following mice were purchased from Jackson Laboratories: 

Ift88flox (stock #022409), UBC-CreER (stock #007001), GLAST-CreER (stock #012586) and 

PCP2-Cre (Jax stock #010536, gift from Dr. Court Hull at Duke University).  

3.5.2 Genotyping  

PCR genotyping was performed on all mice before experiments to confirm 

presence of floxed alleles and Cre. Ttbk2-floxed allele, primers used: 5’ 

ATACGGTTGAGATTCTTCTCCA, 3’ AGGCTGTACTGTAACTCACAAT (WT band 

978bp, floxed band 1241bp). Ift88-floxed allele, primers used: 5’ 

GCCTCCTGTTTCTTGACAACAGTG, 3’GGTCCTAACAAGTAAGCCCAGTGTT (WT 

band 350bp, floxed band 370bp). Universal Cre (UBC-CreER, PCP2-Cre), primers used: 

5’ GATCTCCGGTATTGAAACTCCAGC, 3’ GCTAAACATGCTTCATCGTCGG 

(transgene band 650bp). 

3.5.3 Tamoxifen preparation and injection  

Tamoxifen powder (Sigma T5648) was dissolved in corn oil (Sigma C8267) to a 

desired concentration of 20mg/mL. Mice were given five consecutive 100µL 
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intraperitoneal injections of 20mg/mL tamoxifen starting at P21. Control mice were 

given corn oil vehicle only.  

3.5.4 Mouse Dissections  

To harvest tissues from adult mice, animals were deeply anesthetized with 

12.5mg/mL Avertin and transcardially perfused with 10mL of Phosphate Buffered Saline 

(PBS) followed by 20mL of 4% Paraformaldehyde (PFA). Whole brains were dissected 

out and left to incubate for 24hrs in 4% PFA at 4°C. For cryosectioning, tissue was 

cryoprotected in 30% sucrose overnight and embedded in Tissue Freezing Medium 

(General Data TFM-5). Cerebella were then cut sagittally down the middle, and 

embedded in Tissue Freezing Medium (General Data TFM-5). Tissue was sectioned at 

20-30µm thickness on a Leica Cyrostat (model CM3050S). 

3.5.5 Western Blotting  

Western blot methods were done as previously described(Bouskila et al. 2011) 

(Bowie et al. 2018). Briefly, for tissue which was being used to quantify levels of TTBK2, 

a buffer containing 50 mM Tris/HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM sodium 

orthovanadate, 10 mM sodium-2-glycerophosphate, 50 mM sodium fluoride, 5 mM 

sodium pyrophosphate, 0.27 M sucrose, 1 mM benzamidine and 2 mM PMSF, 

supplemented with 0.5% NP-40 and 150 mM NaCl was used. For other tissue samples a 

buffer containing 10mM Tris/Cl pH7.5, 150mM NaCl, 0.5mM EDTA, 1% Triton, 1mM 

protease inhibitors (Sigma #11836170001) and 25mM β-glycerol phosphate (Sigma 50020) 
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was used. Total protein concentration was determined using a BSA Protein Assay Kit 

(Thermo Fisher #23227). For western blots, 15µg of protein lysate was used for 

detection.  

3.5.6 Cilia quantification  

All quantification of cerebellar tissue was done using ImageJ software. Images 

taken for quantification of cilia abundance were 10µm z-stacks taken at 63x in four 

distinct folia regions of the cerebellum, two rostral and two caudal. The Purkinje cell 

layer was placed into the middle of the image with equal distance above and below for 

quantification. The outer edge of folia 2, the internal zone between folia 3 and 4, the tip 

of folia 6, and the outer edge of folia 9 on a sagittal section were imaged for cilia 

quantification. Per replicate, four sections were scored each and three biological 

replicates were included in all quantifications. These cilia were the same population 

taken for cilia length measurements as well. 

3.5.7 Molecular layer thickness and VGLUT2 puncta quantification  

For the molecular layer thickness, images were taken at 20x along the entirety of 

the primary fissure. A line was drawn from the bottom of the molecular layer to the pial 

surface, and a measurement was recorded. For this same line, the top of the line 

measurement was then brought down to the top of the VGLUT2 synapse area, and a 

measurement recorded. Only the caudal side of the folia was measured for consistency. 

For the VGLUT2 puncta analysis, the “Analyze Particles” function in ImageJ was used. 
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Each image for the VGLUT2 puncta analysis was taken at 63x on the caudal side of the 

primary fissure, a 10µm z-stack was made, and the image quantified. For the 

quantification, each stack was made into a black and white image, where the VGLUT2 

puncta were black against a white background. Thresholding was performed, and the 

Analyze Particle function used. These measurements were routinely tested against user 

ROI counting to confirm accuracy. Images used for cilia counts were taken at 63x.  A 

10µm z-stack was taken at 4 locations throughout the cerebellum. The image was taken 

with the PCL in the middle of the image for consistency. Four cerebellum slices were 

imaged per biological replicate. 

3.5.8 Inferior Olivary Nuclei Quantification  

For the area measurements of the ION nuclei, the ION was identified by cells 

that were positive for both NeuN and Calbindin as well as in the part of the ventral 

medulla in which these cells reside. Images used for the NeuN area analysis were taken 

at 20x. A 10µm z-stack image was made, and using the line tool, outlines were carefully 

drawn around the NeuN positive neuron and the measurement recorded. Per replicate, 

over 150 cells were measured and three biological replicates were included in the 

quantification. 

3.5.9 Glial Fiber Quantification  

Glial fibers were assessed as previously described (Furrer et al. 2011) Briefly, a 

100µm horizontal line was drawn 50µm below the pial surface of the primary fissure 
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folia. Glial fibers which crossed this 100µm were scored. Per replicate, 36 measurements 

were made and three biological replicates were included in the quantification.  

3.5.10 Immunostaining  

The following antibodies and dilutions were used in this study: mouse anti-

Arl13b (NeuroMabs N295B/66, 1:500), rabbit anti-Arl13b (gift from Tamara Caspary), 

mouse anti-gamma-Tubulin (Sigma T6557, 1:1000), rabbit anti-Calbindin D28K (Cell 

Signaling Technologies 13176S, 1:250), guinea pig anti-Calbindin D28K (Synaptic 

Systems 214-004, 1:200), guinea pig anti VGLUT2 (EMD Millipore AB2251, 1:2500), 

rabbit anti-NeuN (Abcam ab177487, 1:1000), DAPI (Sigma D9542, 1x), rabbit anti-AC3 

(Santa Cruz SC-588, 1:10 - discontinued), chicken anti GFAP (EMD Millipore AB5541, 

1:500), rabbit anti-IP3 (Abcam, ab108517, 1:200).  

For Immunostaining cerebellar tissue, after thawing from the freezer, sections 

were rinsed in 1xPBS to remove OCT product. Following rinse, sections were 

permeabilized in 0.2% PBS-T (PBS + 0.2% Triton X-100) for 10 minutes, and then rinsed 

3x5min in PBS before blocking step. Blocking solution contained 5% Serum, 1% BSA 

made up in 0.1% PBS-T, and sections were  incubated at room temperature in blocking 

solution for 1 hour. Primary antibodies were used at indicated dilutions and incubated 

at 4°C overnight. Following primary antibody incubation, slides were rinsed 3x5min in 

1xPBS and secondary antibodies were used to detect epitopes. All secondary antibodies 

were supplied from Life Technologies. Secondary antibodies incubated for 1-3hr at room 
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temperature. Following secondary antibody incubation, slides were rinsed 3x5min in 

1xPBS and mounted with either ProLong Gold antifade reagent (Invitrogen P23930).  

3.5.11 Behavioral Testing  

Rotarod Performance Test was completed with help from the Duke University 

Mouse Behavioral and Neuroendocrine Core Facility. Testers were blind to mouse 

genotype before beginning any experiments. The accelerating rotarod testing was 

performed the day before steady state rotarod testing. The speed determined for the 

steady speed testing was calculated based off results from the accelerating test (4-

40RPM) the day prior. In all tests, a trial was stopped after 300 seconds maximum time 

had elapsed for mice that did not fall off the rotarod during testing. Mice were aborted 

from the trial run if they held onto the Rotarod for three full rotations. Mice were given 

30 minutes between trials to rest, and four trials were completed per test. 
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4. Conclusions: The future of neuronal primary cilia 

This chapter will describe the overall findings of this body of work that 

characterizes new functions for TTBK2 in cilium stability and a new model system for 

the neurodegenerative disease caused by mutations in Ttbk2, SCA11. Prior to this body 

of work, TTBK2 was known to be involved in the early steps of ciliogenesis (Goetz, 

Liem, and Anderson 2012; Čajánek and Nigg 2014; Oda et al. 2014) and is known to have 

the ability to bind to microtubule plus ends which potentially aids in dynamic 

microtubule organization (T. Watanabe et al. 2015). Additionally, the etiology of SCA11 

was ill-defined, nor was it known if primary cilia function on neurons contributed to the 

disease. This research has laid the groundwork for further understanding kinase 

function in ciliogenesis, cilium stability and disassembly, as well as a new role for 

neuronal primary cilia function in the mammalian cerebellum. This chapter will also 

describe the anticipated experiments needed to investigate the unanswered questions 

that remain within this dissertation. 

4.1 TTBK2 is involved in maintaining cilium stability 

Chapter 2 outlined work that described the role of the SCA11-associated allele of 

the gene involved in ciliogenesis, Ttbk2. Since the mouse model of Ttbk2SCA11/+ does not 

recapitulate the human disease, we needed to come up with a way to study this allele 

using alternative genetics for the Ttbk2 allele. Using a newly generated and 

characterized genetic Ttbk2 allelic series, we were able to highlight phenotypes specific 
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to the SCA11 allele that further revealed and defined its functions as a dominant 

negative to wild type TTBK2 function. This was shown by the inability of SCA11 

truncated versions of TTBK2 to sufficiently rescue ciliogenesis within Ttbk2null/null cells. 

Upon further validation of this disease allele, we described novel functions of TTBK2 in 

cilium stability. Primary cilia affected by SCA11 activity are shorter in length, and 

mislocalize key Hh signaling factors such as SMO, KIF7, and IFT pools at the basal body. 

Furthermore, when these SCA11-impaired cilia are challenged with a microtubule 

destabilizer, they are disassembled at a quicker rate compared to wild-type primary cilia 

disassembly rates. We found that this instability was caused by the accumulation of 

Kif2a at the base of these SCA11 cilia. Kif2a has a known binding site for TTBK2, and 

when mutated we showed this caused a shortening of primary cilia reminiscent of the 

cilia phenotype we reported for Ttbk2sca11 cilia.   

In general, the results from this work highlighted a new function of TTBK2 in 

primary cilium stability. Previously, TTBK2 was known to be required for cilium 

assembly and recruitment of IFT proteins. Our work has shown that it is equally 

important for the stability of the primary cilia structure over time. Cilia within 

Ttbk2sca11/GT cells either fail to be built, or when built are unstable due to the accumulation 

of microtubule depolymerizing proteins. These results indicate that potentially 

phosphorylation targets differ between wild-type TTBK2 and SCA11-associated TTBK2 

gene product, causing cilium instability and dysfunction. Furthermore, our data is in 
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line with other groups who have noted that certain kinases are involved in maintaining 

cilium length, and further validation of mechanism is needed to understand the 

important role kinases have in maintaining ciliary axoneme structures.  

Recent sequencing of families presenting in the clinic with ataxic phenotypes 

have identified new mutations within Ttbk2 and diagnosed with SCA11 (Deng et al. 

2019; Lindquist et al. 2017) (Fig 29). A new de novo mutation within Ttbk2 has been 

found to be caused by a frameshift mutation resulting in a deletion and insertion event 

around AA402. This mutation correlates with early onset ataxia symptoms within the 

affected individuals, which contrasts with other SCA11 affected individuals with 

mutations in a similar region of Ttbk2 with symptoms arising in late adulthood. Outside 

of the hot-spot of Ttbk2 for SCA11 mutations was the most recent finding of a family in 

China harboring a nucleotide point mutation in the C-terminus causing AA1097 to 

change from a Valine to Alanine. This mutation is most interesting because it is very 

close to the proline rich domain of Ttbk2 found to interact with Cep164 and mediate 

ciliogenesis (Oda et al. 2014). Neither of these recently found SCA11-associated 

mutations has been shown to cause a truncated TTBK2 protein or go through nonsense 

mediated decay. Therefore, it will be important to further define the function of these 

new SCA11 mutations for ciliogenesis and cilia function to gain further insight into how 

neurodegenerative alleles of Ttbk2 cause ciliary dysfunction.  
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Figure 29: Schematic of TTBK2 known functional domains and mapped 

human SCA11 mutations. 

 

4.2 TTBK2 regulates neuronal primary cilia and are required for 
Purkinje cell maintenance  

Based on our results showing that SCA11-associated alleles of Ttbk2 causes 

cilium instability, we then hypothesized that these dysfunctional cilia could help explain 

the etiology of SCA11. To date, the etiology of SCA11 remains unclear; it was only 

known that ataxia symptoms arose in middle aged affected individuals due to loss of 

PCs throughout the cerebellum. We turned to genetic Ttbk2 conditional mutants to 

illuminate a potential mechanism behind the loss of PC throughout the cerebellum that 

could be explained by loss of primary cilia due to the loss of Ttbk2 function. Chapter 3 

describes the characterization of neurodegenerative phenotypes that occur when 

primary cilia are lost on postmitotic neurons after loss of Ttbk2 in an adult animal. We 

first showed that using a Ttbk2 floxed allele we were able to ablate neuronal primary 

cilia throughout the adult mouse brain. Quickly after the loss of Ttbk2, affected animals 

exhibited locomotive and motor coordination deficiencies, common to other models of 
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neurodegeneration. When we looked at the PC layer of the cerebellum, we observed that 

important synapses that exist between the climbing fibers of the inferior olivary nuclei 

and PC dendrites were reduced in Ttbk2c.mut animals. Additionally, localization of key 

calcium signaling receptors throughout the PC dendrites was reduced in Ttbk2c.mut as 

well. These findings are in line with what others have observed in mouse models of 

other subtypes of SCA, indicating that we have recapitulated SCA phenotypes after 

knocking out functional Ttbk2. It is therefore possible to use Ttbk2c.mut animals as a model 

of the SCA11 neurodegenerative disease.  

These results prompted us to ask if these results were due to ciliary signaling 

throughout the cerebellum. Since TTBK2 has roles outside of cilia formation, we used an 

additional cilia mutant to begin answering this question. We turned to Ift88 conditional 

mutants and found that after knocking out Ift88 throughout the adult mouse brain, 

primary cilia loss was not as drastic as what we saw in Ttbk2c.mut animals. However, they 

converged on similar behavioral and degenerative phenotypes such as the loss of 

synapses throughout PC dendrites. When we looked at the cilia populations more 

closely in our Ift88c.mut mice, we found a distinct set of AC3+ cilia were missing 

throughout the tissue, indicating that potentially this subset of primary cilia are critical 

in part for maintaining neuronal function in the cerebellum. This work has advanced 

our knowledge of not only the etiology of SCA11, but also highlights important new 

roles for neuronal primary cilia in the cerebellum. This is the first paper to describe 
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multiple different kinds of cilia populations to exist in the adult cerebellum, and opens 

up many questions concerning their specific function.  

4.3 Future directions and anticipated experiments 

This dissertation has further defined roles for TTBK2 in cilium assembly and 

stability, as well as characterized neurodegenerative changes within the cerebellum 

when loss of primary cilia occurs. The neurodegenerative allele of Ttbk2, Ttbk2SCA11, 

dominantly interferes with wild-type TTBK2 function. We then tested the hypothesis 

that SCA11 is caused by ciliary dysfunction within the cerebellum. While we have 

shown that changes to ciliary structure and number throughout the cerebellum leads to 

neurodegenerative phenotypes, a mechanism remains unclear. To begin to answer this 

question a few models for future experiments can be proposed.  

First, it will be imperative that the localization of Ttbk2 within neurons is further 

defined. So far, the number of antibodies available to detect TTBK2 is limited. What is 

available works very well within human cell lines and is hard to work with in mouse 

derived cell lines and tissues. Furthermore, the cerebellum is a famously challenging 

tissue to work with, and optimization of cerebellar tissue that is more amenable to 

immunohistochemical staining procedures is important. So far, we have been able to 

faithfully see TTBK2 using GFP-tagged constructs in cell culture, as well as using 

currently available antibodies. Where these protocols fall short is their ability to then go 

in vivo. To work around this, we will use the HiUGE system developed by Scott 
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Soderling’s lab at Duke University (Gao et al. 2019). A CRISPR based system, HiUGE 

uses a sophisticated in vivo endogenous tagging technique which will allow the 

visualization of TTBK2 both in neurons grown in culture, as well as in native cell types 

within the brain.  

Next, it will be important to further define the roles for Ttbk2 within neuronal 

primary cilia. TTBK2 has a known function as a microtubule plus end binding partner. 

Microtubules are important for many aspects of neuronal function such as transporting 

signaling factors throughout the axons and dendrites (Dent and Baas 2014). A possibility 

exists that some of the phenotypes described in Chapter 3 could be contributions of the 

failure of TTBK2 to aid in efficient transport along microtubules in neurons. To answer 

this, we have designed constructs to investigate specific functions of TTBK2 separate of 

its cilia function. The constructs will include a wild-type TTBK2 expression construct as 

a control, a kinase-dead TTBK2 variant, an EB1/3-binding TTBK2 mutant, and a CEP164-

binding TTBK2 mutant. The kinase-dead TTBK2 construct has a D to A change at AA163 

(Bouskila et al. 2011), causing TTBK2 to be non-functional and primary cilia are absent. 

With this construct, we would expect similar phenotypes to arise as what we observed 

in the Ttbk2c.mut animals. The EB1/3 binding TTBK2 mutant has mutations within the SxIP 

domain of Ttbk2. Others have found that this specific mutation inhibits the ability for 

Ttbk2 to bind to EB1/3, while still maintaining its function within ciliogenesis. This 

mutant will allow us to see if the microtubule binding abilities of TTBK2 are essential for 
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neuronal maintenance. The CEP164- binding TTBK2 construct has mutations in the C-

terminal proline rich motif of Ttbk2. This mutation has been shown to cause TTBK2 to be 

unable to bind to CEP164, thereby causing ciliogenesis defects, however TTBK2 

microtubule functions remain intact. This mutant will allow us to see if the phenotypes 

observed in Ttbk2c.mut animals are primarily due to TTBK2 cilia functions. We can then 

make AAV virus with these constructs, inject them retro-orbitally into adult mice using 

an AAV capsid capable of crossing the blood-brain barrier, and monitor the mice for 

neurodegenerative phenotypes similar to what we saw in our Ttbk2c.mut model. These 

experiments will be imperative to understanding the function of Ttbk2 throughout the 

brain, and more specifically within neuronal cilia.  

Additional ciliary mutants and cell specific Cre lines will help us further describe 

the role for neuronal cilia functions in neurodegenerative diseases. Currently, using the 

CRISPR-Cas9 system, I am testing the ability for the TTBK2 binding partner, CEP164, to 

ablate neuronal cilia. CEP164 is upstream of TTBK2 function and is an interesting 

candidate to further investigate these structures. We expect that knocking out CEP164 in 

adult neurons will give us similar results seen in Ttbk2c.mut animals, as well as it could 

potentially be more specific than TTBK2 since CEP164 has no other known roles for 

microtubule functions outside of ciliogenesis in non-dividing cells.  

An interesting avenue within this research is the finding that different 

populations of cilia exist throughout the cerebellum. In Chapter 3, we noted that there 
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are currently three populations of cilia within the cerebellum: AC3+/ARL13B- cilia, 

AC3+/ARL13B+ cilia, and AC3-/ARL13B+ cilia. Cilia heterogeneity has been described 

before in other studies, and certain research has shown that astrocytes localize ciliary 

proteins differently than that within neuronal primary cilia (Sterpka and Chen 2018). To 

this end, it would be interesting to further characterize these ciliary populations and 

define more specifically their functions within neurodegeneration. In the future, tools 

would need to be developed to be able to specifically ablate only one population of cilia 

verses others, which is so far not possible. A further understanding of which population 

of cilia are localized on specific cell types throughout the cerebellum will be imperative 

to unveiling their functions. This could reveal important information that would be 

useful in a translational sense because it is possible that certain neuron subtypes only 

express certain ciliary genes for specific functions, thereby making personalized 

medicine more advanced for specific neurodegenerative and neurological diseases.  

The future of this work will continue to unveil important functions for primary 

cilia on neurons. If we continue to understand more about Ttbk2 in governing cilia 

formation and function, we will be able to understand better the etiology of SCA11. 

Furthermore, this work has opened many questions on the function of primary cilia 

throughout the cerebellum, which can also be applied more broadly throughout the 

CNS since these structures are ubiquitous within the mammalian brain. Moving forward 

there is much to learn about how these structures function at the interface between 
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neuronal maintenance and neuronal signaling, and this body of work is only the 

beginning of that future.  
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