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Mechanisms of Assembly of Motile Cilia and Flagella 

Yoko Inès Nozawa 

 

Abstract 

 Cilia and flagella are evolutionarily ancient organelles that perform motility 

and/or sensory functions in most protozoans and metazoans. They are microtubule-based 

projections on the cell surface anchored by modified centrioles at the base. In vertebrates, 

cilia play important developmental roles such as the establishment of left-right 

asymmetry, tissue homeostasis and cell differentiation. In particular, the vertebrate 

Hedgehog (Hh) signaling pathway depends on the immotile primary cilium for the 

trafficking of signal receptors and effectors. The putative serine-threonine kinase Fused 

(Fu) is an indispensable regulator of the Drosophila Hh signaling system. However, the 

mammalian ortholog does not participate in the Hh pathway and instead assists in the 

construction of motile cilia with the "9+2" arrangement of microtubules in the axoneme. 

Therefore, the functions of Fu have diverged between Hh signaling and motile 

ciliogenesis. In this dissertation, we show that mouse Fu and its interacting protein Kif27 

are ciliary proteins that function in the construction of the central pair microtubules of 

motile cilia in the mouse trachea and the oviduct. We show that Fu physically associates 

with proteins in the central pair doublet and plays an important role in the establishment 

of directional fluid flow in the lumen of the mouse oviduct. Finally, we investigate the 

role of Fu in the construction of the sperm flagellum with the use of transgenic mouse 
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models. Surprisingly, Fu does not appear to be needed for the construction of the central 

pair apparatus of the sperm flagellum. Instead, we demonstrate that it is required for the 

integrity and proper spatial distribution of the components of the fibrous sheath. We also 

discover that Fu is involved in the development of the sperm head structure through its 

interaction with the microtubule-based manchette transport system. The data in this 

dissertation suggest that Fu is an adaptable protein that has been co-opted for multiple 

functions involving trafficking on the microtubules across diverse phyla. Our results 

provide useful insights into the regulation and conservation of motile cilia and flagella 

assembly.  
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CHAPTER I 

An introduction to cilia and flagella 
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The advent of complexity in the cellular system arose from the establishment of 

signaling pathways linked to multi-protein complexes. Cellular substructures and 

organelles allow for compartmentalization and provide a specialized space separate from 

the cytosol (Alberts et al. 2002). The cilium is an ancient organelle found in most 

eukaryotes. It is a microtubule-based cylindrical protrusion from the cell surface with a 

unique membrane composition and multiple sub-compartments within. The complexity of 

its structure and localization allows for several sensory and mechanical roles. In many 

different tissues of vertebrates, cilia are nearly ubiquitous and are specialized in both 

form and structure. In the following chapter, the function and construction of the cilium 

and the flagellum will be discussed in the context of mammalian development. 

 

Ultrastructure of the cilium  

Structure and function 

The cilium microtubules extend from the basal body, a specialized centriole 

structure made up of the proximal (mother) centriole and the smaller distal (daughter) 

centriole. The mother centriole serves as a template for the arrangement of the 

microtubules in the axoneme. It contains a loop of triplet microtubule (A, B, C) but only 

microtubules A and B extend into the cilium proper. The centrioles are surrounded by 

dense pericentriolar material from which microtubule asters extend into the cytoplasm. 

On the distal ends of the mother centriole, multiple appendages reach out towards the 

plasma membrane. These are believed to participate in anchoring the basal body to the 

plasma membrane, regulating the movement of components in and out of the cilium, and 
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in the uniform orientation of motile cilia (reviewed at Satir and Christensen 2007, Fisch 

and Dupuis-Williams 2011).  

The composition of the ciliary membrane is distinct from the surrounding plasma 

membrane. In epithelial cells, lipid microdomains have been observed to contain a 

different proportion of gangliosides and the cholesterol binding protein prominin in the 

primary cilium compared to microvilli (Janich and Corbeil 2007). Lipids may be 

restricted in the region between the cilium and the basal body, since lipid accumulation 

has been observed in this region (Vieira et al. 2006). The lipid composition may be partly 

regulated by a ciliary protein complex called the BBSome, which has been found to be 

required for the export of phospholipase D from the primary cilium (Lechtreck et al. 

2013). A diffusion barrier at the base of the cilium only allows molecules of a certain size 

to enter and exit freely. Septin 2 was identified to be a major component of the barrier 

and has been shown to regulate the localization of specific membrane proteins such as the 

Hedgehog signaling transducer Smoothened in the primary cilium (Hu et al. 2010). 

Similar barriers are also found between two budding yeasts and in the annulus ring of the 

sperm flagellum (Barral et al. 2000, Kwitny et al 2010).  

The transition zone connects the basal body to the cilium and is defined by a 

“ciliary necklace” appearance seen in electron microscopy images (Reiter et al. 2012). 

Recent studies have shed light on this complex substructure in the regulation of cilia 

trafficking and signaling (Garcia-Gonzalo et al. 2012, Craige et al. 2010, Williams et al. 

2011, Chih et al. 2012). Distal appendages from the basal body radiate onto the plasma 

membrane and form transitional fibers. They are believed to anchor the basal body to the 

membrane and contain several centrosomal proteins (such as CEP164, ODF2, the 
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Dynactin subunit p150) required for cilia elongation (Ishikawa et al. 2005, Graser et al. 

2007, Kodani et al. 2013). Interestingly, nuclear pore proteins (nucleoporins) have also 

being detected and are thought to regulate trafficking to the ciliary compartment 

(discussed in Chapter 2). Above the transition fibers, Y-shaped linkers extend radially 

from the ciliary necklace to the membrane. It is the site of the major transition zone 

complex network NPHP-JBTS-MKS as detailed in Garcia-Gonzalo et al. 2011, Williams 

et al. 2011 and Sang et al. 2011. Named after the human ciliopathies nephronophthisis, 

Joubert and Meckel-Gruber syndromes, the NPHP-JBTS-MKS network of over 800 

related proteins function in three distinct regions within the transition zone and basal 

bodies to regulate signaling, trafficking, ciliary assembly and membrane specificity (Sang 

et al. 2011, Reiter et al. 2012, Chih et al. 2012).  

Cilia in vertebrates can generally be divided into two groups, defined by the 

arrangement of the microtubule ring structure (the axoneme) within the cilium. “9+2” 

cilia have nine microtubule doublets (microtubules A and B) forming a ring surrounding 

a central pair of microtubules (C1 and C2) (Figure 1-1). 9+2 cilia are characterized by 

their ability to bend either through ATP-driven dynein motors (such as in the sperm 

flagellum) or by an external force inducing a signal in the axoneme that is communicated 

to the cell body (as in the cilia of the inner ear). In mammals, tissues that contain motile 

9+2 cilia include cells lining the trachea, brain ependymal and the oviduct (Fallopian 

tubes). In these tissues, the epithelial cells are multi-ciliated, with up to 300 cilia 

clustered on the apical membrane. They have a primarily mechanical role of inducing 

fluid flow on the surface of the field by beating in a coordinated manner like a wave 

(metachronal). Their function is to clear mucus and debris from the airways of the lung, 
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or to stimulate ependymal fluid flow in the brain ventricles (Ibanez-Tallon et al. 2004). In 

the mammalian Fallopian tubes, the highly ciliated cells capture the ovum as it is released 

from the ovary, and then transport it down the tube for potential fertilization (examined in 

Chapter 3). Accordingly, sperm traveling through the female reproductive system are also 

aided by cilia.  

Nonmotile 9+2 cilia play specialized roles in certain tissues such as 

mechanosensation in the kinocilia and stereocilia of the inner ear (Kindt et al. 2012). In 

each cell, a single kinocilium is connected to rows of stereocilia in a bundle. They have 

specialized structures on the cilia, including tip and kinocilial links that connect the rows 

of cilia to each other. Deflection of the kinocilium by sound waves induces depolarization 

of the cell through mechano-sensitive channels (Schwander et al. 2010). 

“9+0” cilia lack the central pair singlets and are mostly non-motile, such as the 

primary cilium that is present in a majority of cells in vertebrates. Long dismissed as 

vestigial, the primary cilium has been rediscovered as an important sensory organelle 

over the past decade (reviewed in Eggenschwiler and Anderson 2007). The primary 

cilium is integrated with various signaling pathways, most notably the Hedgehog 

signaling pathway during embryo development and postnatal homeostasis. Motile 9+0 

cilia are rare and found in the node of the early embryo. They are motile due to the 

presence of dynein arms (LR dynein) (Supp et al. 1997). In the node, a population of 

ciliated cells induces a flow of luminal fluid from right to left in order to establish left-

right asymmetry across the node and eventually the developing embryo (Shinohara et al. 

2012, Nonaka et al. 2002).  
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Although 9+2 and 9+0 cilia are the most common in eukaryotes, 9+4 cilia have 

been observed in cilia of the notochord plate of the rabbit (Feistel et al. 2006). Axonemes 

with unusual numbers of doublets such as “14+0” or “12+0” have been seen in the sperm 

flagella of certain insects (Baccetti et al 1973). Nonetheless, the 9+2 axoneme is likely to 

be the ancestral arrangement in cilia since it is found in all eukaryotes (Mitchell 2004).  

The 9+2 axoneme that comprises most of the length of the cilium has nine 

microtubule doublets connected by a ring made up of nexin protein complexes. Cilia 

motility by bending is induced in the axoneme by the sliding action of microtubule 

doublets adjacent to each other. The force is generated by the dynein motors attached to 

the A tubule (Figure 1-1). The radial spokes and the central pair work together to 

regulate and coordinate the activity of the dynein arms. Proteomic and genomic studies 

have uncovered many of the protein complexes that make up the axoneme, primarily in 

Chlamydomonas reinhardtii (Silflow and Lefebvre 2001, Ostrowski et al. 2011). Human 

orthologs are present for most components but few have been studied in detail in 

mammals.  

 

Assembly of cilia and flagella 

Assembly of the primary cilium 

The 9+0 axoneme of the primary cilium not only lacks the central doublet, it is 

also missing the motility regulatory structures such as the radial spokes and the outer and 

inner dynein arms. The primary cilium is therefore immotile. Upon entry into G1, the 

centrioles become associated with a vesicle (Figure 1-2 A). Transitional fibers from the 

distal appendages attach to the vesicle and bring the centrioles into close contact. The 
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vesicle then becomes the future ciliary membrane by lengthening through the fusion of 

additional vesicles or by lateral transport at the plasma membrane. The centriole 

connected to the vesicle begins to “bud” and extends the axoneme at the tip. The basal 

body grows a striated ciliary rootlet on the proximal end to provide stability and support 

to the growing cilium. 

While the mother centriole of the basal body contains nine triplet microtubules 

arranged in a circle, the transition zone at the base of the bud display nine doublets that 

extend from the triplets. The axoneme continues to elongate by assembling precursor 

proteins at the distal tip where the microtubule + ends turn over. At the tip of the cilium, 

the microtubules often become singlet microtubules (Fisch and Dupuis-Williams 2011). 

The axonemal components are carried up from the cell body by a microtubule-based 

transport system called intraflagellar transport (IFT). A group of protein complexes (IFT 

proteins) regulate the movement up and down the cilium on dynein (cytoplasmic dynein 

2) and kinesin (kinesin-II) motor proteins.  IFT protein complexes are composed of 

subunits A and B and have been shown to interact with protein networks of the 

centrosome (Jurczyk et al. 2004), the transition zone (Garcia-Gonzalo et al. 2011) and the 

BBSome (Wei et al. 2012). Therefore, not only is IFT required in ciliogenesis but IFT 

also plays significant roles in signaling through the transport of ciliary membrane 

receptors, channels and signaling molecules (see Chapter 2) (Liem et al. 2012, Ocbina 

and Anderson 2008, Qin et al. 2005). IFT is therefore crucial in adapting the cilium for its 

specialized needs in different tissues. 

Cell cycle entry into S phase by mitogenic factors (such as addition of serum to 

the medium) induces the centrioles to lengthen and duplicate (Rieder et al, 1979). The 
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cilium shortens until the attached centriole is released from the plasma membrane. The 

centrioles then assist in the formation of the spindle in preparation for mitosis. Various 

studies have explored the links between the formation and disassembly of the primary 

cilium and the cell cycle. For example, the centrosomal protein kinase and cell cycle 

regulator Aurora A was found to interact with its scaffolding protein HEF1 to induce the 

disassembly of the cilium microtubules through HDAC6, a tubulin deacetylase  (Hubbert 

et al. 2002, Pugacheva et al. 2007). Other mitotic kinases have also recently been found 

to influence the activity of HDAC6 and centrosome maturation, including Plk1 and 

CDK1 and centrosomal proteins such as PCM1and FOP (Wang et al. 2013, Kim et al. 

2004, Lee and Stearns 2013, Seeger-Nukpezah et al. 2012). The shortening of the 

microtubules also requires that the transport system be adjusted, and indeed, levels of IFT 

proteins such as IFT88 can act as a checkpoint for cilium deconstruction (Robert et al. 

2007). The extent of the regulation (or feedback) of cell cycle progression and 

ciliogenesis has just begun to be uncovered in cell biology. 

 

Assembly of motile cilia 

The assembly of motile cilia differs from that of the primary cilium primarily in 

the vast duplication event of the centrioles prior to docking at the plasma membrane 

(Figure 1-2 B). The basal bodies share many of the same components as in the primary 

cilium. Indeed, in the differentiation of the lung and oviduct epithelium, the primary 

cilium is observed prior to the appearance of multi-cilia, but likely disappears at later 

stages (Anderson and Brenner 1971, Lemullois et al. 1988). A typical ciliated cell of the 

tracheal epithelium can contain up to 300 cilia on its apical surface. In addition, the cilia 
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must be of similar lengths and shape in order to generate a field of coordinated beating 

cilia. Centrioles must therefore multiply rapidly to nucleate enough axonemes in 

differentiated cells. Electron microscopy studies have shown that the duplication of the 

centrioles arise by two separate pathways in parallel (Sorokin 1968, Hagiwara et al. 2004, 

Dawe et al. 2007a). The centriolar pathway produces new procentrioles in close 

proximity to a centriole. Although the mechanism of de novo duplication is unclear, 

dense material can be observed surrounding the new centrioles, which have been shown 

to contain at least some components of the centrosome (Kubo et al. 1999, Mahjoub et al. 

2010, Laoukili et al. 2000, Sorokin 1968).  In the acentriolar pathway, the centrioles are 

formed next to granular structures called deuterosomes, which can vary in size and shape. 

They are thought to be associated with the Golgi, however their composition remains 

unknown. Most centrioles are generated in this manner (Anderson and Brenner 1971).  

The duplicated centrioles migrate to the apical cell surface and dock to the plasma 

membrane with their distal appendages. The positioning of the hundreds of basal bodies 

must be coordinated so that their rootlets face the same direction for uniform wave 

propagation on the cell surface. The planar cell polarity (PCP) signaling pathway has 

been demonstrated to control the polarization of the microtubules extending from apical 

junctions near the cell surface (Vladar et al. 2012). In turn, the microtubules help orient 

the basal bodies within the cytoskeletal network beneath the cell surface. There is also 

evidence that the hydrodynamic forces outside the cell in conjunction with the PCP 

protein Vangl2 can influence the orientation of motile cilia in the brain ventricles. A 

passive cerebral spinal fluid flow (CSF) from the choroid plexus may shape the rotational 

polarity of the cilia in this manner. In mice that lack Vangl2 (looptail), an artificial flow 
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can no longer induce orientation of the basal bodies after they have docked to the cell 

surface (Guirao et al. 2010).  

The axonemes of motile cilia contain a central pair doublet of microtubules that 

regulates the beat frequency and waveform. The microtubules are linked to each other 

through two bridges known to contain Spag16 (Smith and Lefebvre 1997). Each central 

pair microtubule C1 and C2 have distinct accessory structures and projections identified 

in Chlamydomonas with roles in the regulation of motility. Spag17, Pcdp1 and Hydin are 

homologs of Chlamydomonas central pair projections PF6, FAP221, hydin, respectively. 

Their functions and localizations are likely conserved in mammals (O’Toole et al. 2012, 

Carbajal-Gonzalez et al. 2013). Indeed, loss of function mutations in mice leads to cilia 

and flagellar dysmotility and unstable central pair structures (Teves et al. 2013, Lee et al. 

2008, Lechtreck et al. 2008).  

 Origins of the central pair are unclear: unlike the doublet microtubules, the basal 

bodies do not appear to have a template for the central pair. In cross sections of the basal 

body, an electron dense plate (the basal plate) coincides with the extension of the central 

pair (Fisch and Dupuis-Williams 2011). Components of the central pair such as -tubulin, 

Spag6 and Hydin have been localized to the plate in Chlamydomonas, Tetrahymena 

thermophila and Trypanosoma brucei (Silflow et al. 1999, Kilburn et al. 2007, Dawe et al. 

2007b, Lechtreck and Witman 2007).  In mammals, the putative serine-threonine kinase 

Fused (Fu) has been shown to be required for the construction and/or maintenance of the 

central pair (Wilson et al. 2009). In Fu mutant mice, the central pair is missing from 

about two thirds of the motile cilia in the trachea and ependymal. However, the exact 

function of Fu remains a mystery as its localization in the cell or its substrates have not 
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yet been discovered. The mechanism of assembly of other central pair protein 

components such as Spag6, Spag16, Hydin and Pcdp1 is unclear in vertebrate axonemes, 

and advances in imaging and biochemical analysis will lead to insight on this unique 

substructure (Zhang et al. 2007a, Zhang et al. 2007b, Lee et al. 2008, Sapiro et al. 2002, 

Lechtreck et al. 2008).  

The dynein arms and the radial spokes of 9+2 motile cilia are mostly pre-

assembled in the cytoplasm prior to transport. Proteins recently identified in mammalian 

axonemal assembly of the IDA and ODAs include Kintoun (Ktu/DNAAF2) Leucine Rich 

Repeat Containing 50 (also known as DNAAF1), DNAAF3, LRRC6 and CCDC103 

(Omran et al. 2008, Duquesnoy et al. 2009, Kott et al. 2012, Mitchison et al. 2012, 

Panizzi et al. 2012). The radial spokes are composed of at least 23 proteins to form the 

head and stalk structures. The spokes interact with the sheath of the central pair and the 

IDAs but the nature of the interactions is not well understood (Pigino and Ishikawa 2012). 

In Chlamydomonas, fragments of the spokes are assembled in the cell body and 

transported on the axoneme in the flagellum by anterograde IFT (Qin et al. 2004). Much 

like the construction of modern buildings, pre-assembly of axonemal components and 

modules simplify and hasten their transport and turnover by IFT.   

 

Assembly of the sperm flagellum 

The development of the sperm cell from an undifferentiated spermatogonium to a 

flagellated spermatozoon is called spermatogenesis (reviewed in Eddy et al. 2006). In 

mammals, spermatogenesis occurs in the seminiferous tubules, long coiled tubes 

constituted of germ cells and supporting cells radially organized around the lumen. The 
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spermatogonia are arranged near the basement membrane, and as they differentiate, the 

cells progressively move towards the lumen. Therefore, a cross-section of a seminiferous 

tubule will exhibit a specific cycle stage at various phases of spermatogenesis (Clermont 

and Leblond 1955.) Aside from spermatogonia, Sertoli cells also populate the 

seminiferous tubules. They are considered nurse cells that envelop the spermatocytes and 

support their development. Sertoli cells have large and complex cytoplasms filled with 

vesicles and specialized actin structures that assist in shaping the sperm cell. Their 

cytoplasm can sustain up to 50 spermatocytes. A specialized adherens junction in the 

Sertoli cells called the ectoplasmic specialization (ES) anchors and connects a 

spermatocyte through its development. When the elongated spermatozoa within the 

Sertoli cells are ready to be sloughed out into the lumen, the apical ES undergoes 

restructuring to sever the connections between nursing cell and spermatozoon in a 

process termed spermiation (Cheng et al. 2011).  

Spermatogonial stem cells (SCC) divide to fill their niche and renew the stem cell 

population in the testes. They proliferate and differentiate to create cysts of 

spermatogonia held together by cytoplasmic bridges formed during incomplete 

cytokinesis. The bridges persist through differentiation and maturation. In this manner, 

the cytoplasms of hundreds of spermatocytes are connected to each other in chains (Ren 

and Russell 1991). Primary spermatocytes undergo multiple meiotic stages to recombine 

and apportion pair of chromatids before division. After the first meiotic division, the 

secondary spermatocytes undergo another round of division to turn into haploid round 

spermatids.    
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The sequence of events that follows transforms a round spermatid into a 

flagellated spermatozoon by a complex process called spermiogenesis. There are five 

basic steps that are conserved in most species: first, an acrosomal vesicle develops near 

the nucleus and the Golgi, on the basal end of the cell; next, the chromatin condenses and 

begins changing shape; then the axoneme assembles and extends on the opposite end of 

the acrosome near the nuclear membrane; the cytoplasm and its organelles then undergo 

dramatic reorganization around the nucleus and the flagellum; and finally, the fully 

elongated spermatozoon is released into the lumen. Once released, the spermatozoa travel 

to the caput (head) epididymis then the caudal epididymis, mostly passed by fluid flow 

from secretions of the efferent ducts. In the epididymis, the spermatozoa undergo further 

maturation and storage (Jones 1999). Apoptotic and damaged cells are discarded and 

degraded at this stage. The sperm only gains motility after passing through the cauda 

epididymis (Cornwall 2009) and do not reach their full potential until they enter the 

female reproductive tract.   

Prior to spermiogenesis, the centriole pair of the microtubule-organizing center 

(MTOC) will form the basal body that nucleates the flagellum axoneme. In round 

spermatids, the proximal centriole anchors against the nuclear envelope (the implantation 

fossa) on the luminal side of the cell. It develops an adjunct structure that tethers astral 

microtubules. The distal centriole nucleates the 9+2 axoneme, and as it elongates, 

accessory structures such as the mitochondria, the outer dense fibers and the fibrous 

sheath, assemble around it (Figure 1-2). The distal centriole disintegrates later in 

spermiogenesis. In rodents, but not humans, the proximal centriole is also absorbed into 

the future connecting piece between the head and the tail (Woolley and Fawcett 1973, 
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Manandhar et al. 1998, 1999). The centriolar body, called the capitulum, extends small, 

segmented columns on its periphery that eventually fuse to the nine outer dense fibers 

around the axoneme (Eddy et al. 2006). Each outer dense fiber is associated with a 

peripheral microtubule doublet and remains so through the distal end of the proximal 

piece. The central pair microtubules extend from the capitulum while the microtubules on 

the ring of the axoneme are assembled at the base of the distal centriole (Woolley and 

Fawcett 1973, Olson and Linck 1977).  

The outer dense fibers (ODFs) are nine fibers each associated with a microtubule 

doublet of the axoneme. At least a dozen proteins have been identified so far in mammals 

but can vary in shape and composition between species. Most common are the tektin 

proteins (Tektin 3 in the periaxonemal structures) and ODF1 with roles in signaling and 

structural integrity (Roy et al. 2009, Yang et al. 2012).   

The mature spermatozoon flagellum has three segments defined by their content: 

the midpiece houses the mitochondria around the core axoneme and the outer dense 

fibers; the fibrous sheath demarcates the principal piece; and the endpiece tapers the tip 

of the flagellum. Therefore, sperm flagellum assembly comprises many cytoskeletal 

rearrangements and transport on and around the elongating axoneme.  

The mitochondria divide and arrange in parallel helices around the axoneme as 

the cytoplasm shrinks around it. They make up the length of the midpiece until reaching 

the annulus ring. The annulus ring between the midpiece and principal piece is a fibrous 

structure closely associated to the cytoskeleton network beneath the plasma membrane. It 

contains multiple septin and ankyrin proteins and has been shown to act as a membrane 

diffusion barrier to maintain the unique membrane composition of the mid and principal 
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domains (Ihara et al. 2005, Kwitny et al. 2010, Kann et al 1993). During early 

spermiogenesis, the annulus is constructed near the axoneme and is associated with the 

chromatoid body, a dense granule loaded with RNA and RNA-binding proteins, at the 

base of the flagellum (Fawcett et al. 1970, Meikar et al. 2011). The chromatoid body is 

believed to control the translation and processing of mRNAs during spermiogenesis. 

Specific kinases such as TSSK1 and TSSK2 have been shown to localize to the 

chromatoid body and may be required for the post-translational modifications of proteins 

destined to the flagellum (Shang et al. 2010). For example, the serine-threonine kinase 

TSSK2 has been shown to phosphorylate the central pair protein Spag16, although the 

functional consequences of Spag16 phosphorylation are unclear and may be related to 

sperm motility (Zhang et al. 2008). During elongation, the annulus migrates to the end of 

the midpiece, where it remains along with remnants of the chromatoid body. 

Axonemal assembly occurs by IFT in the sperm flagellum. As evidence, loss of 

the IFT complex B protein IFT88 results in abortive tail structures (Kierszenbaum et al. 

2011). In addition, RAB-like 2 (RABL2), a RAS GTPase superfamily member, can 

interact with IFT complex B proteins in the sperm flagellum; perturbed RABL2 results in 

shortened tails (Lo et al. 2012). Furthermore, disruption of the BBSome has been shown 

to result in male infertility due defective or absent sperm flagella (Mykytyn et al. 2004, 

Fath et al. 2005, Zhang et al. 2011a, Zhang et al. 2013). 

Among the accessory structures of the sperm flagellum, the fibrous sheath is 

unique to vertebrates (Fawcett 1975). On the distal end of the flagellum, the sheath 

begins to form shape early in spermiogenesis and progresses to the proximal end. Two 

long columns extend along the length of the axoneme, associated with microtubule 

15



doublets 8 and 3 (Fawcett and Phillips 1969)(Figure 1-1). Throughout spermiogenesis, 

filamentous structures from the cytoplasm are deposited between the columns, thickening 

the structure and forming a keratinous ring around the outer dense fibers and the columns. 

As the columns near the proximal section of the flagellum, they fuse to two outer dense 

fibers. The end result is a fully elongated spermatozoon with a thick midsection that 

tapers over the length until reaching the tip. Concomitant with the assembly of the tail, 

the head structure of the sperm similarly undergoes large cytoskeletal changes and 

dynamic movement of proteins in and out of the cytoplasm. This topic will be covered in 

more detail in chapter 4. 

The composition of the sperm flagellum has been slowly uncovered over the past 

decade with the increasing use of advanced proteomic techniques (Upadhyay et al. 2013). 

However, the molecular mechanisms that support the coordinated assembly of all the 

structures inherent to the sperm remain mostly speculative. The rise of genetic mouse 

models and comparative studies of Chlamydomonas flagella have filled some of this gap 

in recent years. Chapter 4 reports my attempt at uncovering the biochemical differences 

between motile cilia and flagella axoneme assembly by focusing on the functions of the 

putative kinase protein Fused (Stk36) and its interacting protein Kif27 during 

spermatogenesis.  

 

Cilia in disease 

Nonmotile cilia in disease 

The primary cilium serves as an important sensory organelle of the cell with 

significant roles in early and post-natal development of metazoans. Therefore, defective 
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primary cilia can lead to severe developmental defects due to aberrant function of 

signaling pathways dependent on it (reviewed in Eggenschwiler and Anderson 2007).   

The Hedgehog (Hh) signaling pathway relies on the primary cilium for signal 

transduction in mammals (reviewed in Chapter 2, Roy 2012). The intraflagellar transport 

system can influence Hh signaling and various components of the pathway are found in 

the cilium. Therefore, IFT mutations (such as IFT88) can result in Hh-related patterning 

defects (Huangfu et al. 2003). Other signaling pathways have limited uses of the primary 

cilium such as the Wnt pathway, the Platelet-derived growth factor receptor alpha 

(PDGFR) and the fibroblast growth factor (FGF) signaling pathways. The receptors of 

the pathways are often detected in the cilium but their requirements may be tissue-

specific and differ in between species (Corbit et al. 2008, Huang and Schier 2009, Ocbina 

et al. 2009, Schneider et al. 2005, Neugebauer et al 2009). 

Diseases due to defective cilia are called ciliopathies; in humans, at least fifteen 

syndromes have been identified and linked to specific genes in cilia assembly and 

function (Baker and Beales 2009).  Ciliopathies are often pleiotropic, since cilia are 

present in almost every tissue in mammals. For example, the ciliopathies Bardet-Biedl 

(BBS), Joubert (JS) and Meckel (MKS) syndromes have in common a range of clinical 

symptoms that includes retinitis pigmentosa (degeneration), renal cystic disease, 

polydactyly, situs inversus, mental retardation, skeletal anomalies, Dandy-Walker 

syndrome (brain morphological defects), liver disease and obesity. The genes underlying 

all three syndromes form a complex network in the function of the transition zone 

substructure in the cilium and were identified in both human patient cases and proteomic 
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studies (Sang et al. 2011). Therefore, the combination of human genomics and basic cilia 

proteome studies can inform the manifestation of different ciliopathies.  

Tissues with specialized nonmotile cilia can also be impaired in certain 

ciliopathies. In the retina of the eye, cilia-based photoreceptors of the rods and cones 

depend on IFT, BBS proteins and specific photoproteins such as RPGR for their 

assembly and function. Similarly, stereocilia of the inner ear are specialized but still 

retain basic ciliary proteins. Depending on the gene affected in specialized cilia, 

ciliopathy syndromes can be wide-ranging (such as in Joubert or Senior-Locken 

syndromes) or exclusive to the specialized cilia (such as in Usher syndrome) (Adams et al. 

2007, Reiners et al. 2006).  For example, Usher syndrome (USH) is a heterogeneous 

disease characterized by deafness and blindness. There are three forms of USH 

depending on their severity, with USH type 1 genes underlying the most severe form. 

Some USH1 proteins include myosin VIIa (an actin-based motor found in the connecting 

cilium of photoreceptor cells) and proteins involved in scaffolding of the photoreceptor 

cell. USH1 patients are born deaf, with early onset of retinitis pigmentosa. In addition, 

many patients have lower ability in identifying smells, touch sensitivity and have higher 

incidence of mental deficiencies and neuropsychiatric disorders. Because multiple 

chromosomal loci have been identified within each form of Usher syndrome, identifying 

each gene and linking them to specific symptoms will be useful in determining the risk of 

developing additional disorders with age in younger patients (Frenzel et al. 2012, 

Yoshimura et al. 2013).  
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Motile cilia in disease 

Diseases that result from motile cilia dysfunction are generally categorized under 

the umbrella syndrome Primary Ciliary Dyskinesia (PCD). Motile cilia are found in a 

limited number of tissues including the trachea, the lining of the brain ventricles and of 

the female reproductive tract, and in the embryo node. The main function of motile cilia 

in these tissues is to induce the movement of fluid and particles over the epithelial surface.  

Therefore, PCD is pleiotropic and often heterogenous. For example, Kartagener’s 

syndrome is characterized by laterality defects (situs inversus), bronchiectasis and 

sinusitis (respiratory infections). Additional symptoms can appear rarely such as 

hydrocephalus, female subfertility, male infertility, otitis media (ear infections) and 

retinitis pigmentosa (reviewed in Lee 2011). Therefore, there can be an overlap of 

symptoms with that of other ciliopathies.  

The most common genes mutated in PCD encode axonemal proteins, often dynein 

motor proteins (DNAI1, DNAI2, DNAH7, DNAH5, DNAH11, CCDC39, CCDC40 

among others). Other genes encode proteins of the radial spokes (RSPH9, RSPH4) and 

the central pair structure (Hydin, Pcdp1, Spag6, Spag16L); or are involved in axonemal 

signaling (Ak7, TXNDC3) and in cilia assembly (Ktu, Chibby). As such, PCD is often 

diagnosed on the basis of ciliary ultrastructural defects such as missing dynein arms, 

radial spokes, or the abnormal assembly of the microtubules doublets. The cilia are either 

immotile, or have decreased ciliary beat frequency (CBF) or irregular beat waveforms. 

Along with comparative proteomics, mouse models of PCD have become useful tools in 

identifying novel components of motile cilia and provide insights into their assembly 

(Lee 2011).  
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In addition to unraveling the substructures of the axoneme, recent studies have 

also provided clues into the regulation of motility via signaling. For example, mice with 

mutations in adenylate kinase 7 (AK7) have PCD defects including hydrocephalus, 

abnormal sperm, and decreased CBF (Fernandez-Gonzalez et al. 2009). AK7 is a member 

of the adenylate kinase family postulated to play a role in the hydrolysis of ATP. In 

motile cilia, ATP hydrolysis powers the calcium-dependent process of axoneme sliding. 

The axonemes of mutant mice have transpositions of the microtubule doublets, additional 

doublets or occasional absence of the central pair but no apparent dynein arm defects. 

With a specific localization to the apical surface of motile ciliated tissues, AK7 may 

function in the energy relay of motile cilia axonemes; however, its exact function in 

regulating axonemal organization is unknown (Milara et al. 2010). Other factors that 

impede CBF are external factors such as cigarette smoke and hormones like progesterone 

(Lyons et al. 2006). Interestingly, alcohol and cytokines raise the CBF in the lung 

through the nitric oxide pathway that in turn increases the levels of PKA in the axoneme 

(Sisson et al. 2009, Jain et al. 1995).  

 

Sperm dysfunction 

Oligospermia (low sperm count), asthenozoospermia (reduced sperm motility) 

and teratospermia (abnormal sperm morphology) are common deficiencies of the semen 

in humans with infertility (reviewed in Chemes and Alvarez Sedo 2012). However, the 

underlying molecular causes are often undetermined and unexplored. Dysfunction of 

sperm flagella in humans has four main causes: genetic defect in the formation of the 

sperm tail, in the control of motility of the axoneme, metabolic deficiencies or 
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environmental agents or toxins that interfere with the function of the flagellum. In 

modern treatments of male infertility, the immotile sperm cell that is otherwise healthy 

and alive can be injected directly into the oocyte through intracytoplasmic sperm 

injection (ICSI), bypassing the need for sperm motility. Nonetheless, understanding the 

assembly and molecular mechanisms of the developmental processes of the 

spermatozoon will provide insights into and new methods for the evaluation of sperm 

quality. 

The assembly of the sperm flagellum is very complex and requires the 

coordination of multiple pathways regulating the cytoskeleton and vesicle trafficking. 

Loss of various microtubule-associated structures of the manchette often leads to 

malformation of the head and tail structures (Kierszenbaum et al. 2011a,b). For example, 

the azh mouse exhibits severe head and tail malformations due to loss of function of the 

Hook1 gene, which codes a vesicle transport linker protein (Mendoza-Lujambio et al. 

2002). Hook1 was shown to be an integral manchette protein necessary for the shaping of 

the nuclear head and the integrity of the sperm tail. Other Hook1 interacting proteins, 

such as RIM-BP3 and Ankyrin G are also found in the manchette and the 

connecting/principal pieces of the flagellum, respectively (Zhou et al. 2009, Kizhatil et al. 

2009). Manchette-associated motor and adaptor proteins are believed to be part of a 

trafficking system based on the similar components of the intraflagellar transport system, 

the so-called Intramanchette Transport (IMT) (Kierszenbaum 2002). In this model, 

trafficking proteins transport cargo from the cytoplasm and hold them until needed at 

their final destination within the sperm cell. Deficiencies of IMT result in ectopic 

positioning of the manchette, misshapen spermatid head and a malformed flagellum due 
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to the failure in delivering the load necessary to support the new cytoskeletal 

conformations (Kierszenbaum et al. 2011a).  

Primary ciliary dyskinesia patients often present infertility symptoms such as 

asthenozoospermia due to the loss of the dynein arms or other axonemal structure in the 

flagellum. In contrast, defects that are limited to the flagellum tail are termed dysplasia of 

the fibrous sheath (DFS) because of the distortion of the sheath and its related structures 

surrounding the principal piece (Chemes and Rawe 2010). In addition, disorganization is 

often seen in the mitochondria and annulus in the midpiece, as well as the outer dense 

fibers and other periaxonemal structures along the length of the flagellum (Chemes et al. 

1987). DFS can have distinct genetic causes from that of PCD. For example, loss of 

function of the fibrous sheath protein AKAP4 results in coiled sperm tails due to the 

absence of a mature fibrous sheath (Miki et al. 2002, Baccetti et al. 2005). AKAP4 is a 

PKA anchoring protein, which points to a role of the fibrous sheath in both signaling and 

assembly along the flagellum.  

Another phenotype of men with low fertility is sperm with missing or decapitated 

heads. Although most abnormal sperm are absorbed or degraded in the testes and 

epididymis, loose association of the sperm tail and neck may not be noted until after 

ejaculation. The attachment site is the former (in the case of rodents) centriolar body and 

its defective assembly may be the cause of the separation. In some cases, misaligned head 

and tail structures have been observed; however, the exact nature of the defect is not well 

understood (Chemes et al. 1999). More recently, the small heat shock protein and outer 

dense fiber protein ODF1 was found to be essential for head-tail coupling (Yang et al. 

2012). ODF1 has multiple interactions within the sperm flagellum: it can interact with the 
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basal plate at the base of the tail, links to the microtubules via Spag4/5 in the axoneme, 

and may be involved in mitochondria assembly through the kinesin KLC3 (Schalles et al. 

1998, Fitzgerald et al. 2006, Shao et al. 1999, Zarsky et al. 2003, Bhullar et al. 2003). 

ODF1 is therefore a versatile protein in the assembly of the sperm flagellum; future 

studies will undoubtedly map out a more detailed image of the molecular interactions in 

the formation and maintenance of the tail. In conclusion, genetic studies of both PCD and 

DFS continue to uncover new associations required in the function and assembly of the 

sperm tail (Escalier 2006, Inaba 2011).  

  

Fu and Kif27 may be specialized modules for microtubule-based trafficking in cilia 

and flagella assembly 

Cilia and flagella are specialized organelles with diverse motile and sensory 

functions. It is apparent that common mechanisms are shared between cilia and flagella 

of different organisms, such as the use of centrioles and IFT. Comparative genomic 

studies have shown that axoneme dyneins were lost multiple times in different lineages, 

including higher plants (Wickstead and Gull 2007, Avidor-Reiss et al. 2004). However, 

the wide range of organisms with conserved axonemes and centrioles points to a common 

ancestry. Indeed, another innovation may be the rise of compartmentalization of the 

cilium within the cell. In mammals, the cilium and the flagellum are embedded in a 

vesicle prior to docking to the cell surface and maintain their unique ciliary membrane. 

This has given rise to the theory that perhaps the cilium originated from phagotrophic 

innovations (Cavalier-Smith 2002). Over time, specialization of the structures and co-
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option of new sensory functions have given rise to a tremendous diversity of cilia across 

all phyla.  

In 2005, our lab published the mouse knockout of the Drosophila Hedgehog (Hh) 

signaling component Fused (Fu, Stk36) (Chen et al. 2005). The serine-threonine kinase in 

Drosophila is indispensable for Hh signal transduction, binding and phosphorylating the 

scaffold kinesin protein Costal2 (Cos2) upon Hh treatment (Stegman 2000, Nybakken et 

al. 2002, Liu et al. 2007). Since Hh components and functions are generally well 

conserved in Drosphila and mammals, we expected the Fu knockout mice to display Hh 

signaling defects (Chen et al. 2009, Ingham and McMahon 2009). However, the mice 

survived through the first few weeks of birth with none of the morphological defects 

associated with Hh such as polydactyly, holoprosencephaly etc. We discovered that Fu 

expression is limited to motile cilia tissues, and that the motile cilia are dysfunctional and 

have a low CBF. The axonemes of 9+2 motile cilia often lack the central pair structure, 

pointing to a role of Fu in regulating cilia motility through central pair construction 

(Wilson et al. 2009). To determine whether the biochemical function of Fu remained 

conserved in other metazoans, mouse Fu mRNA was injected in zebrafish fu morphants. 

Surprisingly, mouse Fu (but not Drosophila Fu) was able to rescue both cilia and Hh-

dependent processes in the Kupffer’s vesicle in zebrafish. In addition, Fu maintained its 

interaction with the Costal2 homolog Kif27, although not its sister ortholog Kif7. Kif7 

was later determined to function exclusively in Hh signaling in mammals (Liem et al. 

2009, Endoh-Yamagami et al. 2009, Hsu et al. 2011). Whether other kinases have 

coopted the role of Fu in Hh signaling is unknown, but various candidates have been 

proposed (Maloverjan et al. 2010, Evangelista et al. 2008). These studies raised the 
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interesting notion that Fu function has diverged between Drosophila and mammals, but 

the conservation of the molecular structure of Fu between mammals and fish may 

indicate that the underlying molecular mechanisms are unchanged.  

The Fu protein contains a conserved microtubule domain, necessary for its 

function in the slime mold Dictyostelium (Tang et al. 2008). Similarly, Cos2 binds 

microtubules and acts as a kinesin in Drosophila (Sisson et al. 1997). The conservation of 

Fu-Kif27 interaction suggests that they act together in close association with 

microtubules, and may have retained their roles in signal transduction, as hinted in the 

zebrafish studies. However, there are still many questions about the basic molecular 

functions of Fu and Kif27 in mammals such as: do they interact in vivo? Where are they 

found in the cell? Is Fu an active kinase and what are its substrates? How do they exert 

their function on the axoneme? 

In the following chapters, I will describe my attempts in advancing our 

understanding of this mysterious kinase. In Chapter II, I will provide a detailed 

description of the Hh signaling pathway and its close interaction with the primary cilium. 

In Chapter III, the localization of Fu and Kif27 proteins in trachea and oviduct epithelial 

cilia are described. In addition, the domains required in Fu protein-protein interactions 

are examined and a new substrate for Fu is proposed. In Chapter IV, to determine the 

requirement of Fu in different tissues with 9+2 motile axonemes, the role of Fu is 

investigated in spermatogenesis of the mouse. Although the assembly of the sperm 

flagellum is more complex and less well understood, the axoneme of the flagellum are 

very similar to that of motile cilia. If Fu has a conserved function in axoneme assembly, 

the loss of Fu protein should result in axoneme defects. However, the localization of Fu 
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in the developing spermatid shows that it likely functions in a separate microtubule-based 

trafficking system that shapes the nuclear head and assembles the fibrous sheath. 

Moreover, we show that Fu interacts with sperm proteins involved in the construction of 

the sperm flagellum. In Chapter V, I will explore the potential ramifications of my results 

and future directions.  
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FIGURE LEGENDS 

Figure 1-1: The 9+2 axoneme.  

The cross section of 9+2 motile cilia in its middle segment shows nine microtubule 

doublets (composed of tubule A and B) arranged in a ring surrounding two central pair 

microtubules (C1 and C2). The doublets are connected by nexin protein complexes (the 

nexin link). Motility is generated by the sliding of the doublets adjacent to each other. 

Multiple cilia are oriented in the same direction and beat coordinately to form a 

metachronal wave on the surface. The force required for bending the cilium is generated 

by the dynein arms ODA and IDA. The Outer Dense Arm (ODA) is composed of two 

globular heavy chains in the sperm (compared to three in motile cilia as illustrated) and 

may regulate the sliding velocity of the microtubules which determines the ciliary beat 

frequency (CBF) (Zariwala et al. 2007, Satir and Christensen 2007, Inaba 2011). The 

Inner Dense Arm (IDA) controls the bend amplitude and the form of the beat, likely via 

the kinases and phosphatases that are found in the central pair projections and radial 

spokes (Porter and Sale 2000, Smith and Yang 2004). The radial spokes (RS) extend 

from the doublet towards the central pair, and are theorized to work together with the 

central pair to regulate dynein activity. The central pair microtubules can rotate in some 

species (such as in sea urchin sperm and Chlamydomonas) but rotation does not appear to 

be required for motility (Omoto et al. 1999, Gadelha et al. 2006). The axoneme is 

numbered by the arrangement of microtubule doublets, where “1” forms a perpendicular 

line in between the central pair (C1 and C2) microtubules. The doublets are then 

numbered clockwise. All the known components of the motile axoneme were identified 

in Chlamydomonas, underscoring the importance of this model organism in cilia research.   
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Figure 1-2: The assembly of the primary cilium, motile cilia and the sperm flagellum.  

(A) A cell contains two centrioles, a mother centriole (proximal) and daughter (distal) 

centriole that normally participate in the spindle poles in mitosis. During interphase or in 

quiescent cells, the mother centriole attaches to a vesicle through fibers extending from 

distal appendages. The axoneme is formed and elongates into a cilium. The ciliary vesicle, 

which now forms the ciliary membrane, docks onto the plasma membrane and forms a 

ciliary pocket where the cilium sits (Sorokin 1962).  

(B) In G0/G1 epithelial cells of the trachea, ependyma or oviduct, hundreds of basal 

bodies dock to the plasma membrane of each cell to nucleate cilia. Two parallel pathways 

exist in the replication of centrioles: the centriolar pathway and the acentriolar pathway 

(Hagiwara et al. 2004, Vladar and Stearns 2007). In the centriolar pathway, the mother 

centriole nucleates multiple daughter centrioles in a cloud of fibrous granules that contain 

pericentriolar material such as PCM1. Alternatively, a granular structure called a 

deuterosome (black dot) generates centrioles by an unknown mechanism in the cytoplasm. 

The centrioles then translocate to the apical membrane and align with the coordination of 

the planar cell polarity pathway and actin/microtubule interactions (Vladar et al. 2012). 

The new basal bodies then nucleate their axoneme to form a cell with 100-300 motile 

cilia on the surface.  

(C) In the sperm, the centriole pair docks onto the nuclear membrane and extends an 

axoneme from the distal centriole. As the nucleus elongates and the head takes shape, the 

centriolar complex is found in the neck region at the base of the nucleus. The proximal 

centriole develops an adjunct centriole, however, treatment with nocodazole shows that 
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the centrioles are no longer able to nucleate microtubules. -tubulin 

disappears from the centrioles. The distal centriole degenerates in elongated spermatids in 

both mouse and human sperm while the flagellum is assembled around the elongating 

axoneme. In the last steps of spermiogenesis, the periaxonemal structures, such as the 

mitochondria and the fibrous sheath, are deposited around the axoneme. In mouse sperm, 

the proximal centriole also disappears, but only after spermiation (Manandhar et al. 1998). 
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CHAPTER II 

Hedgehog signaling from the primary cilium to the nucleus: an emerging picture of 
ciliary localization, trafficking and transduction. 
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 The unexpected connection between cilia and signaling is one of the most exciting 

developments in cell biology in the past decade (Huangfu et al. 2003). In particular, the 

Hedgehog (Hh) signaling pathway relies on the primary cilium to regulate tissue 

patterning and homeostasis in vertebrates (Ingham et al. 2011, Hui and Angers, 2011, 

Drummond 2012, Berbari et al. 2009, Eggenschwiler and Anderson 2007, Bay and 

Caspary 2012, Chen and Jiang, 2013, Roy 2912). A central question is how ciliary 

localization and trafficking of Hh pathway components lead to pathway activation and 

regulation. In this review, we discuss recent studies that reveal the roles of ciliary 

regulators, components and structures in controlling the movement and signaling of Hh 

players (Figure 2-1). These findings significantly increase our mechanistic understanding 

of how the primary cilium facilitates Hh signal transduction and form the basis for further 

investigations to define the function of cilia in other signaling processes (Christensen et 

al. 2012).  

 

Introduction 

 The antenna-like primary cilium is present in most mammalian cells and 

approximately 800 ciliary proteins have been identified (Gherman et al. 2006, Ishikawa et 

al. 2012). Ciliary assembly begins when a pair of centrioles docks at the apical plasma 

membrane in quiescent or interphase (G1 phase) cells (Kobayashi et al. 2011, Gonczy 

2012, Nigg and Stearns 2011, Avasthi and Marshall 2012). The mother centriole is 

converted to the basal body to initiate the formation of the 9+0 axoneme, typical of the 

nonmotile primary cilium (Figure 2-2). The axoneme is built from nine peripheral 

microtubule doublets in a cylindrical array through intraflagellar transport (IFT) that 
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involves kinesin-based anterograde and dynein-powered retrograde transport 

(Rosenbaum and Witman 2002, Taschner et al. 2012, Silverman and Leroux 2009). 

Ciliary protein entry and exit is believed to be regulated by a barrier or gate at the ciliary 

base that encompasses the transition zone at which the triplet microtubules of the basal 

body transition to the doublet microtubules of the ciliary axoneme (Reiter et al. 2012, Hu 

and Nelson 2011) (Figure 2-2). The ciliary membrane of the transition zone likely 

corresponds to the ciliary necklace, a region of multiple rows of intramembranous 

particles where the plasma membrane meets the ciliary membrane (Rohatgi and Snell 

2010, Ghossoub et al. 2011, Fisch and Dupuis-Williams 2011) (Figure 2-2). Many other 

regulatory processes, including the trafficking of membrane and soluble proteins, likely 

interact with this specialized zone. It is proposed that the unique microenvironment 

maintained within the primary cilium enables efficient molecular interactions and thus 

facilitates the process of signal transduction initiated by external stimuli. Many regulatory 

or structural proteins of the cilium are expected to modulate or transduce the signals 

received from the extracellular environment. 

 Among the major signaling pathways, the relationship between Hh signaling and 

the primary cilium is best understood (Berbari et al. 2009, Goetz and Anderson 2010). 

The Hh signaling pathway initiates a signal transduction cascade upon Hh ligand binding 

to its twelve-pass transmembrane receptor Patched (Ptc/Ptch/Ptch1), relieving Ptch1 

inhibition on another multi-pass membrane protein Smoothened (Smo). Hh/Ptch1 

interactions lead to Ptch1 internalization (Incardona et al. 2000) and reduced intensity on 

the cilium (Rohatgi et al. 2007). Concomitant with these changes, mammalian Smo 

accumulates on the primary cilium (Corbit et al. 2005). Increased ciliary Smo levels are 
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associated with activation of Gli transcription factors and expression of nuclear Hh target 

genes (Figure 2-1). Suppressor of fused (Sufu) and kinesin Kif7 are two key regulators 

of mammalian Hh signaling and mediate signal transduction between membrane 

receptors and transcriptional activators [Cooper et al. 2005, Svard et al. 2006, Liem et al. 

2009, Cheung et al. 2009). Both Sufu and Kif7 localize to the primary cilium in a 

dynamic manner (Liem et al. 2009, Endoh-Yamagami et al. 2009, Haycraft et al. 2005), 

consistent with their proposed functions on the cilium. Interestingly, Fused (Fu), a 

putative serine-threonine kinase initially identified as a key player of fly Hh signaling, 

turns out to be dispensable for mammalian Hh signaling and instead is required for 

ciliogenesis of 9+2 motile cilia (Wilson et al. 2009). This highlights the divergence of Hh 

pathway design in different species (Richards and Degnan 2009). Investigating the 

relationship between co-option of the cilium in vertebrate Hh signaling and rewiring of 

the Hh circuitry during evolution will shed light on how essential cellular processes 

acquire new properties. Importantly, mutations that disrupt the structure of the cilium or 

centrosome often result in dysregulation of the Hh pathway and underlie a subset of cilia-

related human pathologies or ciliopathies (Hildebrandt et al. 2011, Novarino et al. 2011). 

Elucidating the molecular mechanisms by which the primary cilium controls Hh 

signaling will provide a better understanding of disease mechanisms and offer potential 

targets for therapies.  

 

Multiple machineries that regulate localization and accumulation of Hh pathway 

components on the primary cilium  

 Several lines of evidence suggest that protein distribution on the cilium is 
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controlled by multiple mechanisms. Proteins involved in various aspects of ciliary 

construction and function have been shown to affect the movement and accumulation of 

Hh pathway components. For instance, the machinery that regulates membrane or soluble 

protein trafficking could influence ciliary distribution of Hh components. In addition, the 

base of the cilium anchors a ciliary gate above the basal body that mediates the exchange 

of molecules in and out of the cilium. The transition zone makes up most of the gate and 

a large number of proteins and complexes in this region have overlapping and distinct 

functions in determining the rate and destination of proteins traversing this region 

(Figure 2-2). These transition zone-mediated events will contribute in a major way to 

maintaining the unique microenvironment of the cilium. A key challenge is to identify the 

list of proteins controlled by each mechanism and elucidate the functional connections 

between these systems. 

 Distribution of ciliary membrane proteins is regulated partly through a diffusion 

barrier at the base of the cilium (Hu et al. 2010). The septin family of guanosine 

triphosphatases (GTPases) located at the ciliary base confers important properties of the 

barrier. Loss of Septin2 limits Smo accumulation in the primary cilium and inhibits Hh 

signal transduction (Hu et al. 2010). It is unclear whether other Hh components are 

regulated in a similar manner. Surprisingly, studies have also identified signals that allow 

plasma membrane proteins to anchor to the cortical actin cytoskeleton underlying the 

plasma membrane, thus excluding them from the periciliary membrane (Francis et al. 

2011). This finding suggests that complementary mechanisms may be utilized for 

transporting different classes of proteins or redundant mechanisms could be used for the 

same proteins (Breslow and Nachury 2011). 
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 Proteins encoded by genes found to be associated with human nephronophthisis 

(NPHP), Joubert (JBTS), and Meckel-Gruber (MKS) syndrome form a few large 

complexes. They are involved in apical organization and cilia integrity consistent with 

their distinct subcellular distributions. Some of the complexes localize to the transition 

zone and mutations in homologs of these components result in alterations in ciliary 

protein composition, suggesting their role in imparting ciliary gate function (Sang et al. 

2011, Williams et al. 2011, Craige et al. 2010). Interestingly, MKS proteins physically 

interact with the Tectonic family of proteins (Tectonic 1-3) and this complex co-localizes 

at the transition zone (Sang et al. 2011, Garcia-Gonzalo et al. 2011). Recent studies (Sang 

et al. 2011, Garcia-Gonzalo et al. 2011) demonstrated that Tectonic 1 and 2 (Tctn1, 

Tctn2) are required for proper ciliogenesis in some tissues and the maintenance of the 

ciliary membrane. Mouse knockouts of Tctn1 or Tctn2 exhibit tissue-specific defects in 

Hh signaling, which are associated with reduced ciliary localization of Smo and Arl13b 

(Larkins et al. 2011). Perhaps Smo interactions with the transition zone facilitate its entry 

into the cilium. Endeavors to define the molecular process of Smo trafficking will 

uncover new protein-protein interactions that contribute to communications between the 

cilium and other subcellular compartments or membrane domains. 

 The BBSome is comprised of seven highly conserved Bardet-Biedl syndrome 

(BBS) proteins and one novel protein, which function as a coat complex to transport 

membrane proteins between the plasma and ciliary membrane. Notably, overexpressed 

Smo or Ptch1 physically interacts with several BBS proteins with BBS1 showing the 

strongest binding (Zhang et al. 2012). Loss of the BBSome components leads to 

increased accumulation of Smo and Ptch1 in cilia although Hh response is reduced in 
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assays conducted in mouse embryonic fibroblasts (Zhang et al. 2012, Zhang et al. 2011a). 

This phenotype is reminiscent of that observed in Dync2h1 mutants (Ocbina et al. 2011) 

and raises the possibility that Smo may fail to exit the cilium efficiently in the absence of 

the BBSome. Alternatively, the BBSome may participate in the exit of Ptch1 from the 

cilium or in the conversion of Smo into an active state. A genetic interaction between the 

BBSome and IFT proteins in mammalian cilia is revealed by more embryonic phenotypes 

in Ift88/Bbs7 double mutants than single mutants (Zhang et al. 2012). By contrast, no 

physical interactions are detected between the BBSome and the NPHP/JBTS/MKS 

complex (Sang et al. 2011). Biochemical assays and cell biological studies are required to 

reveal how the BBSome regulates Smo/Ptch1translocation between the plasma 

membrane and ciliary membrane and how the BBSome functionally interacts with other 

protein complexes in this process. Since mice lacking the BBS genes do not exhibit the 

classical Hh defects, the BBSome likely modulates the transport of Hh components in 

conjunction with other machineries. 

 Similarities between the ciliary localization signal (CLS) and the classic nuclear 

localization signal (NLS) support the idea that analogous mechanisms could regulate 

nuclear and ciliary import [50]. In this model, the cilium contains a selective transport 

system at its base similar to that in the nuclear pore. This notion is reinforced by the 

discovery that manipulation of Ran GTPase activity, known to control the NLS-importin 

complex, also affects Kif17 translocation to the cilium (Dishinger et al. 2010). Moreover, 

both nucleoporins and importins that control nuclear entry localize to the ciliary base, and 

inhibition of these proteins blocks the ciliary entry of kinesin-2 and Kif17 motor proteins 

(Figure 2-2) (Kee et al. 2012). Whether this system regulates transport of Hh pathway 

38



components has not been reported. Likewise, elucidating the connection between this 

system and others such as IFT and the transition zone will provide new insight into 

protein trafficking on the cilium. 

 

Trafficking of Hh pathway components on the primary cilium 

 A major event associated with active Hh signaling is the increased levels of various 

Hh components along the primary cilium or in a ciliary subdomain. Hh ligand binding to 

its membrane receptor Ptch1 results in a dramatic reduction in Ptch1 intensity on the 

cilium (Rohatgi et al. 2007) and a concomitant increase of ciliary Smo levels (Corbit et al. 

2005). This is consistent with a model in which exit of Hh-bound Ptch1 from the cilium 

allows Smo entry to the cilium. As discussed in this review, studies that manipulate 

retrograde ciliary transport or other machinery revealed increased Smo levels on the 

cilium without Hh ligand stimulation (Ocbina and Anderson 2008, Kim et al. 2009). This 

suggests the presence of dynamic movements of Ptch1 and Smo in the cilium even in the 

absence of active Hh signaling. Our knowledge of this important process remains limited 

due to the inability to follow the movement of Hh components in real time and at 

physiological levels. Moreover, reagents currently available to detect ciliary distribution 

of Hh components do not yield the spatial resolution required to define their distributions 

in subdomains of the cilium. A key unresolved issue is how to design assays to probe the 

functional consequences of trafficking of Hh components on the cilium. Despite these 

deficiencies, recent studies of ciliary regulators and components have uncovered multiple 

mechanisms that control the movement of Hh players. 
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 The axoneme is assembled via IFT that consists of kinesin-mediated anterograde 

and dynein-powered retrograde transport. It is proposed that disruption of IFT perturbs 

cilia architecture that subsequently leads to perturbed signaling (Ocbina et al. 2011, Liem 

et al. 2012). Inactivation of retrograde transport, for instance, by mutating the 

cytoplasmic dynein-2 motor heavy chain protein 1, Dync2h1, swells the cilium due to an 

increased amount of ciliary proteins. Indeed, Smo, Ptch1 and Gli2 levels are also elevated 

in the cilium. Retention of Hh signal transducers on the cilium caused by defective 

retrograde transport could impair Hh signal transduction beyond the cilium and result in 

reduced Hh signaling (Ocbina et al. 2011). Unexpectedly, defective retrograde transport 

originating from mutations in either Ift122 or Thm1 (Ift139) also results in accumulation 

of Hh components on the cilium but Hh signaling is enhanced, implying a different 

underlying mechanism (Tran et al. 2008, Qin et al. 2011). It is possible that in Ift122 or 

Thm1 mutant cilia, amassed Hh components may have undergone constitutive activation 

at a particular ciliary subdomain due to aberrant retrograde transport. A role of IFT in 

transporting Hh components is also revealed through analysis Ift25 mutant mice. Loss of 

Ift25 does not affect ciliary assembly but leads to increased Ptch1 and Smo levels on the 

cilium (Keady et al. 2012). This leads to the hypothesis that IFT25 is required not only 

for ciliary export of Smo during the inactive state but also for Ptch1 export during the 

active state. Since Hh components contain multiple positive and negative effectors, 

defective IFT could produce a complex output depending on the extent to which 

individual Hh component is affected by a specific combination of genetic perturbations. 
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Hh signal relay from the primary cilium to the nucleus 

 Several Hh pathway components function downstream of Smo to transduce the Hh 

signal in the cilium, cytoplasm and the nucleus. They include Sufu, Kif7, protein kinase 

A (PKA) and three Gli transcription factors (Gli1-3). These Hh players exhibit a complex 

interaction to generate graded Hh responses through a combination of positive and 

negative regulations. Uncovering the biochemical mechanisms that underlie the 

interactions of Hh components and identifying the location and sequence of actions will 

provide new insight into how Hh signaling controls key biological processes. 

 In the absence of Smo activation, the majority of Gli3 undergoes limited proteolysis 

mediated by the proteasome to produce a transcriptional repressor (GliR) that blocks Hh 

target gene expression in the nucleus. Upon Hh pathway activation, GliR formation is 

inhibited and Gli activators (GliA) derived from the full-length Gli proteins (primarily 

Gli2) are produced and stimulate Hh target gene expression in the nucleus (Figure 2-1). 

Smo accumulation on the primary cilia is accompanied by increased Gli protein 

localization to cilia tips and the nucleus (Kim et al. 2009, Humke et al. 2010). 

 

Smo trafficking and activation on the primary cilium 

 Besides the ciliary gate that limits Smo diffusion, another distinct domain on the 

cilium has been identified recently that orchestrates Smo activity and movement. In Hh-

responsive cells, the ciliary proteins Evc and Evc2 localize to a region lying above the 

transition zone and act downstream of Smo to relay the Hh signal to a subsequent step 

that involves Sufu/PKA (Dorn et al. 2012, Caparros-Martin et al. 2013, Yang et al. 2012, 

Blair et al. 2011). Importantly, the exogenous Evc/Evc2 complex was found to co-
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localize with Smo within the EvC-expressing zone and can also physically associate with 

Smo (at least with crosslinker) in response to Hh pathway activation. It is postulated that 

activation and conformational change of Smo takes place in this distinct Evc/Evc2(+) 

domain on the cilium (Dorn et al. 2012). Consistent with this model, the Evc complex is 

disrupted in human Ellis-van-Creveld syndrome and Weyers acrodental dystosis, two 

ciliopathies characterized by skeletal dysplasia (Huber and Cormier-Daire 2012). 

However, the limited tissue expression of Evc/Evc2 and the mild phenotypes associated 

with Evc/Evc2 mutations in mammals raise the question of whether Evc/Evc2 merely 

represent a tissue-specific mode of Hh regulation. 

 

PKA controls Gli protein function via the primary cilium 

 cAMP-dependent protein kinase A (PKA) is a major negative regulator of Hh 

signaling in various overexpression studies in vitro and in vivo. PKA localizes to the base 

of the primary cilium, adjacent to the centrosome marker (Barzi et al. 2010, Tuson et al. 

2011) and in proximity to the proteasome and the Skp1-Cul1-F-box (SCF) protein ligase 

complex (Fabumi et al. 2000, Freed et al. 1999). New insight into how PKA controls Gli2 

and Gli3 activity in relation to the cilium was garnered by the production of mice in 

which PKA is genetically ablated. Embryos lacking PKA activity exhibit full activation 

of Hh signaling (Tuson et al. 2011), placing PKA in the same category as Ptch1 based on 

their ability to repress Hh signaling. This system also offers a pertinent genetic setting to 

examine the molecular mechanisms by which PKA controls Hh signaling. Analysis of 

neural tube patterning in PKA-deficient mice reveals a major function of PKA in 

repressing Gli2 activator production. Moreover, when the primary cilium is disrupted in a 
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PKA-deficient background, Hh signaling fails to be activated, suggesting that inhibition 

of Hh signaling by PKA is dependent on primary cilia (Tuson et al. 2011). While PKA 

does not affect Smo ciliary localization, Gli2 is enriched in PKA-deficient cilia tips even 

in the absence of Hh stimulation (Tuson et al. 2011). These results argue that 

modification of Gli2 and Gli3 by PKA at the cilium base is a crucial event in controlling 

Gli activity and trafficking. The exact site and sequence of action cannot be deduced 

from the current knowledge and would require a better molecular characterization of the 

biogenesis and movement of the different forms of Gli. Interestingly, identification of a 

ciliary G-protein-coupled receptor, Gpr161, which can increase cAMP levels and Gli3 

processing, provides a link between Hh signaling and PKA activity (Mukhopadhay et al. 

2013). 

 

Multiple roles of Sufu in Hh signaling 

Suppressor of Fused (Sufu) is another major negative regulator of mammalian Hh 

signaling. Genetic studies have shown that the Hh hyperactivation in Sufu knockout 

neural tube depends on the enhanced activator activity of Gli1/2 and to a lesser extent 

decreased levels of Gli3 repressor (Jia et al. 2009, Liu et al. 2012, Wang et al. 2010). 

Furthermore, cell-based studies have unveiled a positive role of Sufu in Hh signaling, 

likely due to the involvement of Sufu in maintaining sufficient Gli protein levels that are 

necessary for activator production (Chen et al. 2009). This idea is further strengthened by 

genetic analysis in the mouse neural tube. Removal of Sufu in Gli1 mutants results in 

failure to specify the ventral- most cell types in the spinal cord (such as the floor plate 

and V3 interneurons) that require maximal Hh signaling activity (Liu et al. 2012). By 
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contrast, Gli1 mutant mice are viable with no apparent neural tube defects (Park et al. 

2000). 

 Upon Hh pathway activation, Sufu accumulates in the primary cilium, a process 

that relies on the presence of ciliary Gli2/3 (Zeng et al. 2010, Tukachinsky et al. 2010). 

Treatment with forskolin, which activates PKA by raising cellular cAMP levels, 

abolishes ciliary localization of Gli2/3 and Sufu (Tukachinsky et al. 2010). Surprisingly, 

forskolin can also block constitutive accumulation of Gli2 at the cilium tips in PKA-

deficient cells (Tuson et al. 2011). This suggests that the negative effects of forskolin on 

ciliary translocation of Gli2/3 and Sufu and Hh signaling could be independent of PKA 

activity. For instance, forskolin may affect the cilium environment through the action of 

cAMP-gated channels unrelated to PKA (Bradley et al. 2005, Gloerich and Bos 2010). 

Moreover, forskolin-induced Smo translocation to the cilium base (Wilson et al. 2009) 

does not occur in PKA-deficient cells. These findings underscore the importance of 

genetic analysis to complement cell-based assays (Tuson et al. 2011). 

 Sufu inhibits Hh signaling in the cytoplasm by preventing the conversion of Gli3 

into a transcriptional activator (Humke et all. 2010, Tukachinsky et al. 2010) and by 

sequestering Gli2 (Li et al. 2012, Barnfield et al. 2005). Recent work also suggests that 

Hh signaling triggers dissociation of Sufu from full-length Gli2/Gli3 (Humke et al. 2010, 

Tukachinsky et al. 2010). This would lead to the production of a labile form of active Gli 

proteins that accumulate in the nucleus to stimulate Hh target gene expression. In Kif3a–/–
 

cells, in which the primary cilium fails to form, Sufu does not dissociate from Gli2/3 

upon treatment of a Smo agonist (SAG). This observation bolsters the claim that 

dissociation of Sufu and Gli2/3 upon Hh activation depends on the primary cilium and 
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that Sufu/Gli dissociation may take place in the primary cilium (Humke et al. 2010, 

Tukachinsky et al. 2010). Since the absence of Sufu/Gli dissociation without the cilium 

could be due to lack of Smo activation, the exact location and relevance of Sufu-Gli 

dissociation during Hh signal transduction cannot be unambiguously assessed. This issue 

is further complicated by the finding that Sufu still exerts its full effects on Gli proteins in 

the absence of primary cilia (Jia et al. 2009, Chen et al. 2009). A recent study reported 

impaired Sufu dissociation from Gli2 in Kif7-deficient keratinocytes but this results in a 

relatively mild Hh phenotype (Li et al. 2012). All of these point to the importance of 

testing the functional consequences of Sufu-Gli association and dissociation. 

 

Kif7’s dual function on Hh signaling depends on the primary cilium 

 Kif7 plays both positive and negative roles in Hh signaling. Kif7 primarily localizes 

to the base of the primary cilium in the absence of Hh signaling, but is enriched at the 

ciliary tip when the Hh pathway is activated (Liem et al. 2009, Endoh-Yamagami et al. 

2009). Consistent with its localization, Kif7 activity depends on the presence of an intact 

primary cilium (Liem et al. 2009), similar to the requirement of the primary cilium for 

PKA activity (Tuson et al. 2011), but is distinct from the unaltered Sufu phenotype 

without cilia [69,72]. Kif7- deficient embryos exhibit defects related to decreased levels 

of Gli3 repressor and enhanced activity of Gli2 activator, although the phenotype is mild 

(Liem et al. 2009, Cheung et al. 2009, Endoh-Yamagami et al. 2009) in comparison with 

that in PKA– (Tuson et al. 2011) or Sufu–deficient embryos (Cooper et al. 2005, Svard et 

al. 2006). A reduction of Gli3 repressor levels in Kif7 mutants (Liem et al. 2009, Cheung 

et al. 2009, Endoh-Yamagami et al. 2009) suggests that Kif7 controls Gli3 repressor 
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formation. Since PKA, the proteasome, the SCF E3 ligase components and Sufu all 

participate in Gli3 repressor formation (Humke et al. 2010, Kise et al. 2009), it is possible 

that they act in concert to control the production of Gli3 repressor. One can speculate that 

Sufu-Gli3 may be modified in the cilium through Kif7, rendering Gli3 a better substrate 

for partial proteolysis. This allows subsequent PKA phosphorylation of Gli3 at the ciliary 

base and targets Gli3 for ubiquitination and processing by the proteasome (Tuson et al. 

2011). The molecular basis of cilium control of Gli3 repressors requires additional 

studies. 

 Kif7’s positive effect on Hh signaling contributes to floor plate patterning, which 

needs maximal Hh signaling activity. Removal of Kif7 in a Sufu-deficient background has 

no consequences on ectopic formation of floor plate observed in Sufu mutant embryos 

(Law et al. 2012). This could be interpreted by a model in which Kif7 executes its 

positive function by inhibiting Sufu. Alternatively, Kif7 and Sufu could act in parallel to 

control Hh signaling. In this case, removal of Kif7’s positive function fails to counteract 

global Hh activation due to loss of Sufu. In Kif7 mutant chondrocytes, ciliary localization 

of Gli2/3 and Sufu is increased. This phenotype resembles that in PKA mutants and 

suggests that Kif7 may restrain Gli2/3 from translocating to cilia tips (Hsu et al. 2011). 

Similarly, the molecular mechanisms by which Kif7 controls Gli2/3 trafficking and the 

functional consequences remain unclear. 

 The dual function of Kif7 is reminiscent of its Drosophila ortholog Costal 2 (Cos2). 

Cos2 promotes repressor formation of Ci (Gli ortholog) by scaffolding kinases for Ci 

phosphorylation in the absence of the Hh ligand; Cos2 also exerts a positive function 

through its association with active Smo to relay the Hh signal (Chen and Jiang 2013). The 
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primary cilium may have assumed the scaffolding role of ancient Cos2. Whether the 

requirement of Cos2/Smo association to transduce the Hh signal is substituted by other 

proteins in mammals awaits further investigation. 
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FIGURE LEGENDS 

Figure 2-1: The mammalian Hedgehog (Hh) signaling pathway.  

(A) In the absence of the Hh ligand, the Hh receptor Patched (Ptch1) inhibits the 

accumulation of the signal transducer, Smoothened (Smo), on the ciliary membrane. As a 

result, at the base of the primary cilium, PKA and Kif7 promote proteolytic processing of 

the transcription factor Gli3 by the proteasome into a repressor form (GliR) that 

suppresses Hh target gene expression in the nucleus. In addition, Sufu stabilizes the Gli 

proteins and inhibits the transcriptional activity of Gli2, while PKA prohibits the 

accumulation of full-length Gli2 (GliFL) in the cilium. All of these events ensure 

silencing of the Hh pathway without the ligand. (B) The Hh ligand binds to its receptor 

Ptch1 and co-receptors Boc/Cdon. Ptch1 is internalized with Hh, relieving the inhibition 

on Smo. Smo accumulates in the ciliary membrane through both lateral transport and the 

secretory pathways. Phosphorylation of Smo, for instance, at the EvC zone in osteoblasts 

leads to its dimerization and activation. This in turn abrogates PKA function and 

promotes the movement of Sufu-Gli2/3 complexes and Kif7 to the ciliary tip and perhaps 

dissociation of Gli2/3 from Sufu in this process. Kif7 also facilitates the trafficking of 

Gli2/3 into the cilium (for example, in chondrocytes). Accumulation of Gli2/3 at the 

ciliary tip is associated with the production of Gli activators (GliA), which are derived 

from the full-length Gli proteins. Accumulation of GliA to the nucleus enables activation 

of Hh target genes such as Ptch1, Gli1 and Hhip1. 

 

Figure 2-2: Control of trafficking of Hh components on the primary cilium.  

(A) The primary cilium is anchored at the plasma membrane through transitional fibers 
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emanating from the basal body. The ciliary membrane maintains its unique membrane 

composition through multiple mechanisms including a diffusion barrier surrounding the 

ciliary base. Ciliary proteins pass through the ciliary gate to enter and exit the cilium. The 

ciliary gate is mostly made up of the transition zone. This specialized region is 

characterized by Y-shaped links that demarcate the ciliary necklace and connect the 

axoneme to the ciliary membrane. Septin ring and a nuclear pore-like structure also 

contribute to the ciliary diffusion barrier at its base. The transition zone contains several 

protein complex networks that function in ciliary assembly and sorting. For instance, 

transition zone proteins Tectonic 1 and 2 participate in targeting Smo and Arl13b to the 

primary cilium in some cell types. Septin appears to confer important barrier properties at 

the ciliary base and is known to control Smo trafficking. An intraflagellar transport (IFT) 

system is responsible for ciliary construction and maintenance. It consists of the IFT 

particles (A and B complexes) that are moved along the axoneme through their 

interactions with the anterograde (kinesin II) and retrograde (dynein 2) motors. IFT is 

known to be involved in Hh signal transduction. Several components of the IFT 

complexes have been shown to influence the distribution of Hh components on the cilium 

and affect Hh signaling in a complex manner. For instance, disruption of IFT139 (THM1) 

in IFT A complex or IFT122/25 in IFT B complex both leads to accumulation of Hh 

components on the cilium but Hh signaling is enhanced in Thm1/Ift122 mutants while it 

is reduced in Ift25 mutants. The coat-like BBSome complex is involved in the trafficking 

of molecules between the plasma and ciliary membrane and may contribute to the 

dynamic ciliary distribution of Smo and Ptch1. Taken together, these studies highlight the 

fact that multiple mechanisms regulate ciliary protein distribution and understanding how 
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they interact to control Hh component distribution and signaling on the cilium is a key 

unresolved issue.  (B) Summary of changes in ciliary distribution of Hh pathway 

components and Hh pathway activity in various mutants that affect ciliary structure and 

function. 
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Yoko Nozawa
Figure 2-1. The mammalian Hedgehog (Hh) signaling pathway

Yoko Nozawa
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Figure 2-2. Control of trafficking of Hh components on the primary cilium

Yoko Nozawa
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CHAPTER III 

Fused is a ciliary protein required for central pair assembly and motile cilia 

orientation in the mammalian oviduct 
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INTRODUCTION 

 The mammalian oviduct (Fallopian tube) plays a critical role in gamete transport, 

fertilization and development of early embryos (Lyons et al., 2006; Besenfelder et al., 

2012; Coy et al., 2012). Mature ova enter the oviductal lumen from the ovary and are 

propelled toward the uterus by directional movement of motile cilia on the inner 

epithelial lining of the tubes and smooth muscle activity. Motile cilia are long (~10–15 

m) hair-like organelles extending from the apical cell surface that beat coordinately to 

produce a metachronal wave. The force generated by this wave is necessary in driving 

vectorial movement of mucus, fluid, and cells (Inglis et al., 2006; Lyons et al., 2006; 

Sawamoto et al., 2006; Dawe et al., 2007; Salathe, 2007; Satir and Christensen, 2007). 

The process of ovum transport mediated by motile cilia is poorly understood and requires 

a better comprehension of motile ciliogenesis and regulation of motile cilia function. 

Impaired fluid flow in the oviduct resulting from disrupted motile cilia function or loss of 

cilia has clinical implications and is often associated with subfertility or ectopic 

pregnancy (Afzelius, 2004; Lyons et al., 2006). This is part of the human syndrome of 

primary ciliary dyskinesia (PCD) in which disruption of motile cilia function is 

associated with infertility, recurrent respiratory infection and rarely, hydrocephalus 

(Afzelius, 2004; Zariwala et al., 2007; Lee, 2011; Stillwell et al., 2011). All of these 

pathologies can be attributed to ciliary dysmotility in tissues requiring proper motile cilia 

function. Nevertheless, many important aspects of the biogenesis and regulation of motile 

cilia function remain largely unknown. 

 The cilium is an ancient, evolutionarily conserved organelle (Rosenbaum and 

Witman, 2002; Inglis et al., 2006; Dawe et al., 2007; Eggenschwiler and Anderson, 2007; 
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Salathe, 2007; Satir and Christensen, 2007; Berbari et al., 2009; Goetz and Anderson, 

2010; Rohatgi and Snell, 2010; Kobayashi and Dynlacht, 2011; Bay and Caspary, 2012; 

Christensen et al., 2012; Drummond, 2012; Garcia-Gonzalo and Reiter, 2012; Reiter et 

al., 2012; Roy, 2012; Takeda and Narita, 2012). Cilia contain a long microtubular 

axoneme, extending (but structurally distinct) from the basal body (derived from the 

mother centriole) and surrounded by an external membrane that is continuous with the 

plasma membrane. The basic ultrastructure of cilia has been well characterized by 

electron microscopy. In most motile cilia, the nine peripheral microtubule doublets (A 

and B) surround a central pair of singlet microtubules (C1 and C2) (i.e., a (9+2) 

axoneme). During the formation or regeneration of a cilium, each doublet microtubule of 

the axoneme grows from two of the microtubules in the triplet microtubules of the basal 

body while no template for central pair (CP) outgrowth exists in the basal body. Radial 

spokes extend from the base of A-tubules to the central pair apparatus that contains the 

singlet microtubules and their associated protein projections. More than 17 proteins, 

including Pcdp1, Spag6, Spag16 and Hydin (Zhang et al., 2007a; Lechtreck et al., 2008; 

Lee et al., 2008; DiPetrillo and Smith, 2010), have been identified in CP apparatus. 

Studies in flagellated eukaryotes have suggested that the CP apparatus regulates ciliary 

dynein attached to A-tubules through the radial spoke structures (Mitchell, 2004; Smith 

and Yang, 2004; Pigino and Ishikawa, 2012). Thus, the CP apparatus is crucial for 

establishment of proper ciliary movement but our knowledge of how the CP apparatus is 

constructed is limited. The major challenges are to identify key factors that control CP 

assembly and to elucidate the molecular mechanisms by which these factors interact with 

CP components and other players during the process of CP construction. 
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In previous studies, we and others demonstrated that Fused (Fu) (homolog of 

human serine/threonine kinase 36, STK36) is dispensable in mammalian Hedgehog 

signaling (Chen et al., 2005; Merchant et al., 2005). We also showed that Fu is required 

for motile ciliogenesis in mice and motile cilia in Fu-deficient trachea and ependyma lack 

the central pair apparatus, resulting in ciliary dysfunction (Wilson et al., 2009). Fu–/– 

mutant mice die between postnatal (p) days 10-21, most likely due to hydrocephalus, 

respiratory infection and poor general conditions. These results established Fu’s essential 

role in motile ciliogenesis and added Fu mutant mice to the growing list of mouse models 

of human PCD. In this study, we extend our analysis of Fu in other multi-ciliated tissues, 

in particular, the oviduct. We demonstrate that Fu is a ciliary protein that physically 

associates with central pair proteins and plays a vital role in regulating motile cilia 

function in the mammalian oviduct. These findings not only affirm Fu’s general role in 

motile ciliogenesis of multi-ciliated epithelia but also provide important, novel tools to 

investigate the molecular mechanisms that control assembly of central pair apparatus in 

motile cilia. 

 

RESULTS 

Fused (Fu) Is Expressed in the Oviductal Epithelium of Multiple Vertebrate Species  

 Fu is required for central pair construction of motile cilia that line the respiratory 

epithelium and the ependyma of the brain ventricles in mice (Wilson et al., 2009). To 

explore the postnatal function of Fu in other multi-ciliated tissues, we examined its 

expression by in situ hybridization. We found that Fu transcripts are expressed strongly 
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in the entire oviductal epithelium in several vertebrate species including mouse, chick 

and frog in a pattern similar to that in the trachea and ependyma (Figure 1 A, B; data not 

shown). A common feature shared by these epithelia is the presence of motile cilia, 

suggesting a conserved role of Fu in diverse tissues. In this study, we focus on the mouse 

oviduct and investigate the role of Fu in oviductal motile ciliogenesis and function. 

 

Fu-deficient Oviducts Have Normal Morphology and Proper Expression of Fu-

interacting Proteins  

 Histological analysis revealed no apparent differences between wild-type and Fu–/– 

murine oviducts (Figure 3-1 C, D). Not only were oviductal epithelium (Figure 3-1 E, 

F) and mesenchyme (Figure 3-1 G, H) properly specified in the absence of Fu, but 

motile cilia appeared to form as judged by an intense acetylated tubulin signal at the 

apical surface of epithelial cells lining the oviductal lumen (Figure 3-1 I, J; Figure 3-6). 

Fu was previously shown to physically interact with the central pair protein Spag16 (but 

not Spag6) and the kinesin Kif27 (Wilson et al., 2009). We found that Spag6, Spag16 and 

Kif27 were expressed at similar levels in the oviductal epithelium of wild-type and Fu–/– 

mice at various stages of postnatal development (Figure 3-1 K-N; data not shown). This 

suggests that loss of Fu does not disrupt expression of Fu-interacting proteins or central 

pair proteins. 

 

Fu-deficient Oviducts Display Defects in the Central Pair Microtubules of Motile 

Cilia  

 We then asked whether the ciliary ultrastructure is compromised in the oviduct of 
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Fu–/– mice by transmission electron microscopy (TEM). In wild-type animals, nearly all 

motile cilia in the oviductal epithelium possess a standard “9+2” configuration (Figure 3-

2 A, G). By contrast, approximately 90% of Fu–/– cilia have abnormal ciliary 

ultrastructure and the majority of them lack the central pair apparatus (Figure 3-2 D, G). 

In a subset of axonemes that lack the central pair, outer doublet translocations, in which 

an outer doublet microtubule pair moves to the position occupied by the central pair, 

were also observed (data not shown). The ciliary defects in oviducts are similar to those 

in the trachea and ependyma of Fu mutants (Wilson et al., 2009), supporting a universal 

role of Fu in diverse multi-ciliated epithelia. 

 We examined ciliary ultrastructure in wild-type and Fu mutant oviducts at different 

axonemal levels that cover the cilia proper, the basal plate region (the origin of the central 

pair [CP], characterized by an electron-dense thick band) (Figure 3-2 B, S), and the 

transition zone (containing doublet 9+0 microtubule axonemes arising from triplet 

microtubules of the basal body) (Figure 3-2 C, S). Loss of the central pair in Fu–/– 

oviducts is already apparent at the basal plate region (Figure 3-2 E), suggesting that Fu is 

involved in the early steps of central pair construction. Each Fu–/– animal shows a similar 

spectrum of ciliary defects in the oviduct, consistent with a completely penetrant 

phenotype in the absence of Fu. Although a small percentage of cilia retain the 9+2 

architecture in Fu mutants (Figure 3-2 G), we do not expect motile cilia to function 

properly. Since each ciliated oviductal cell contains multiple motile axonemes, it seems 

likely that defects in a subset of motile cilia would be sufficient to disrupt coordinated 

movement between individual cilia and consequently result in failure to generate a 

directional fluid flow (Stannard et al., 2004). It is unclear why a small fraction of motile 
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cilia could produce the central pair in the absence of Fu and this may reflect intricate 

processes of ciliogenesis that rely on redundant mechanisms. Taken together, our analysis 

of Fu–/– oviducts affirms an essential role of mammalian Fu in generating the CP 

apparatus of motile cilia axonemes and substantiates the notion that Fu is the first 

regulatory component known to control CP assembly. 

 

Cilia Orientation Becomes Randomized in Fu-deficient Oviducts  

 In our previous work, we showed that cilia orientation is disrupted in Fu-deficient 

tracheae (Wilson et al., 2009). This prompted us to investigate whether cilia orientation is 

perturbed in Fu-deficient oviducts (Frisch and Farbman, 1968; Mitchell et al., 2007). We 

assayed cilia polarity by scoring the polar orientation of the basal foot using transmission 

electron microscopy (Figure 3-2 S). The basal foot is an accessory structure on the basal 

body at the base of the cilium, which points along the polar axis in the direction of the 

effective stroke. In the wild-type oviduct, basal feet were properly aligned with each 

other (Figure 3-2 H). In Fu–/– mutants, basal feet were misaligned and were observed at 

right angles or in antiparallel orientations (Figure 3-2 I). The circular standard deviation 

(CSD) of cilia orientation within a given cell, which measures the variation in ciliary 

orientation around the mean, was significantly higher in the mutants (Figure 3-2 J). 

Disrupted cilia orientation could contribute to uncoordinated cilia movement and lack of 

a directional flow. 

 

Motile Cilia in Fu-deficient Oviducts Have Impaired Motility and Waveform, 

Contributing to Retention of Mucus and Debris  
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 The mouse oviduct is a tightly coiled tube that connects the ovary and uterus. The 

funnel-shaped fimbria, which surrounds the ovary and serves as the initial passage of 

ovum, is the most ciliated section of the oviduct. The ampulla (where fertilization occurs) 

and isthmus of the oviduct lie distal to the fimbria (Dirksen, 1974) and are also lined with 

ciliated epithelia. To determine the functional consequences of loss of the central pair 

apparatus in Fu–/– oviducts, we examined ciliary beating and fluid flow in fimbria and 

ampulla explants derived from oviducts (Figure 3-2 K, O). In wild-type oviducts, cilia 

beat in a linear path with a quick forward power stroke and a slower recovery stroke, 

generating a directional flow (Figure 3-2 L-N). By contrast, most Fu cilia had a reduced 

stroke amplitude and ciliary beat frequency (CBF) and seemed disoriented with respect to 

their neighbors; a large fraction of cilia beat in a circular motion (Figure 3-2 P-R). As a 

result, Fu mutant oviducts showed greatly reduced flow velocity with little to no 

directional movement. This may have resulted in retention of mucus and debris observed 

in Fu mutant oviducts (Figure 3-2 O) and contributed to reduced fertility. Fu mutant 

mice die before they reach sexual maturity, preventing us from directly assessing their 

fertility. 

 

Fu Is a Ciliary Protein that Controls Central Pair Construction 

 To gain insight into the molecular mechanisms by which Fu regulates motile 

ciliogenesis, we examined its subcellular distribution in multi-ciliated cells. Ciliated 

epithelial cells derived from mouse oviducts were infected with lentiviruses expressing 

Fu-mCherry, a fusion protein of Fu and mCherry. Motile cilia were identified by their 

labeling with acetylated (Ac) tubulin. The basal body from which motile cilia originate 
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was marked by -tubulin. Interestingly, Fu- mCherry localizes along the entire length of 

motile cilia in oviductal epithelial cells as revealed by the overlapping signals between 

Fu-mCherry and Ac-tubulin (Figure 3-3 A-F). Analysis of Fu-mCherry distribution on 

motile cilia in mouse tracheal epithelial cells (MTECs) infected with lentiviruses 

expressing Fu-mCherry yielded similar results (Figure 3-3 G-L). These findings provide 

strong evidence to support Fu’s role in interacting with or regulating structural and non-

structural components of central pair construction on the cilium. 

 We also tested the requirement of Fu kinase activity in directing its ciliary 

localization. Since mutations in the conserved lysine (K) residue within the Drosophila 

Fu kinase domain abolish its kinase activity (Shi et al., 2011; Zhang et al., 2011b; Zhou 

and Kalderon, 2011), we introduced an analogous K to R mutation in mouse Fu (denoted 

FuK33R). We found that FuK33R exhibits a similar distribution (Figure 3-3 M-R) to wild-

type Fu, suggesting that kinase activity is dispensable for ciliary localization of Fu. 

If Fu is dedicated to central pair construction, we expect that Fu does not localize to non- 

motile primary cilia that lack the central pair apparatus. Indeed, Fu-mCherry is not 

detected on the axoneme of primary cilia in mouse embryonic fibroblasts (Figure 3-7). 

Taken together, these studies suggest that Fu functions on the cilium during a critical step 

of central pair construction. 

 

Kinesin Kif27 Interacts with Fu and Localizes to the Base of Motile Cilia Between 

the Transition Zone and Basal Body in the Oviduct  

 Our previous work demonstrated physical interactions between Fu and kinesin 

Kif27 (Wilson et al., 2009). Given our new insight into Fu distribution on motile cilia, we 
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investigated Kif27 distribution in ciliated oviductal epithelial cells. Mouse oviductal cells 

were infected with lentiviruses expressing a Kif27-eGFP fusion protein. Kif27-eGFP 

forms discrete puncta that are associated with the basal body (Figure 3-3 S-X). The 

distinct pattern of Kif27 distribution in oviductal cells is similar to that observed in 

mouse tracheal epithelial cells (Wilson et al., 2009). Using a battery of markers that 

delineate specific compartments of the cilium (such as transition zone markers MKS1 and 

AHI1), we pinpointed Kif27 localization to an area between the transition zone and basal 

body with Kif27 immunoreactivity overlapping with part of the basal body (Figure 3-4 

A-D; data not shown). This finding revealed a key region where Kif27/Fu may regulate 

central pair assembly. 

 

Ectopic Expression of Kif27 and Kif7 in Primary and Motile Cilia Reveal Their 

Conserved and Distinct Roles  

 Kif27 and Kif7 arose from gene duplication during mammalian evolution (Wilson 

et al., 2009) and are expressed in motile and primary cilia respectively. We surmise that 

important biochemical properties of Kif27 and Kif7 may have been conserved despite 

their involvement in distinct biological processes (Wilson et al., 2009). To test this idea, 

we ectopically expressed Kif27 in primary cilia and Kif7 in motile cilia and followed 

their distribution on the cilium. 

 Kif27 is normally expressed selectively in multi-ciliated tissues. Interestingly, 

ectopically expressed Kif27 is detected at the base and tip of the 9+0 primary cilium in 

fibroblasts derived from mouse embryos or oviductal mesenchyme (Figure 3-4 I, J). 

Kif27 distribution on the primary cilium resembles that of Kif7 (Figure 3-4 K, L). 
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However, unlike Kif7, which localizes to the cilium base and its intensity at the cilium tip 

increases upon Hh pathway activation, Kif27 distribution is unresponsive to Hh signaling. 

These findings suggest that ectopic Kif27 encounters a distinct microenvironment on the 

primary cilium and is no longer restricted to the cilium base. One possibility is that 

interactions between Kif27 and other components (perhaps Fu) at the cilium base in 

motile cilia may enable Kif27 to transport its substrates and facilitate central pair 

construction. 

 By contrast, ectopic expression of Kif7 in oviductal epithelia via lentiviral infection 

resulted in decoration of Kif7 along the entire length of motile cilia (Figure 3-4 E-H). 

Similarly, this implies that while Kif7 retains its ability to move along the axoneme of 

motile cilia, its regulation is different on motile cilia. In particular, the dynamic 

movement of Kif7 on the primary cilium that is correlated with mammalian Hh pathway 

activity (Cheung et al., 2009; Endoh-Yamagami et al., 2009; Liem et al., 2009) is lost 

when Kif7 is ectopically expressed on motile cilia. 

 

Fu Interacts with the Central Pair Proteins Spag16 and Pcdp1 

 We previously reported that Fu interacts with a component of the central pair 

apparatus, Spag16, but not Spag6 (Wilson et al., 2009). Spag16 is the murine ortholog of 

Chlamydomonas reinhardtii PF20 that is present in the central pair apparatus of the 

axoneme (Zhang et al., 2006; Zhang et al., 2007b). It is expressed in all ciliated tissues 

with 9+2 axonemes (Figure 3-3 Y-A’), including sperm flagellum. To further understand 

how Fu/Spag16 interactions may contribute to central pair construction, we investigated 

the domains in Fu that interact with Spag16. We expressed cDNAs encoding epitope-
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tagged Fu domains and Spag16 in HEK293T cells and performed co-

immunoprecipitation experiments. Spag16 can interact with Fu that contains either the N-

terminal kinase domain (Fu C) or the C-terminal domain (Fu N) although binding 

between Spag16 and Fu C is stronger than that between Spag16 and Fu N (data not 

shown). 

 In an effort to identify Fu targets, we tested the interactions between Fu and 

Primary ciliary dyskinesia protein 1 (Pcdp1), another component of the central pair 

apparatus. Pcdp1 knockout mice exhibit hydrocephalus, male infertility and defective 

cilia function in the lining of the trachea (Lee et al., 2008), phenotypes resembling those 

in Fu mutants. cDNAs encoding epitope-tagged Fu and Pcdp1 were expressed in 

HEK293T cells and co-immunoprecipitation was performed. We found that Fu physically 

interacts with Pcdp1 and Fu/Pcdp1 interactions are mediated through both the N-terminal 

kinase domain (Fu C) and the C-terminal domain (Fu N) of Fu (Figure 3-5 A, B; 

Figure 3-8) although the interaction between N-terminal Fu kinase domain and Pcdp1 is 

stronger than that between C-terminal Fu domain and Pcdp1. These studies provide 

important candidates for further understanding how Fu controls central pair construction. 

We suspect that some of these proteins would be substrates of Fu kinase activity. 

 

Mammalian Fu can Form a Dimer or Multimer 

Oligomerization is a common mechanism of kinase activation for serine-threonine 

kinases. To explore whether oligomerization of Fu is conserved in mammals, FLAG- and 

Myc-tagged Fu were co-expressed in cultured cells and immunoprecipitation was 

performed. We showed that Fu-Myc was co-immunoprecipitated with Fu-FLAG when 
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FLAG beads were used to pull down Fu-FLAG (Figure 3-5 C). Similarly, 

immunoprecipitated Fu-Myc was able to bring down Fu-FLAG (Figure 3-5 C). This 

suggests that Fu uses a conserved mechanism for its activation, which may involve 

autophosphorylation and oligomerization. 

 

DISCUSSION 

 In this study, we establish a general role of Fu in central pair assembly and cilia 

orientation in diverse multi-ciliated tissues. Important insight into Fu and Kif27 function 

also comes from studies that revealed ciliary distribution of Fu and Kif27 on motile cilia; 

Fu decorates the entire cilium while Kif27 concentrates at the cilium base. Demonstration 

of Fu on motile cilia is an important step toward a mechanistic understanding of how Fu 

controls central pair construction. We also extended the analysis of physical interactions 

and show that Fu not only associates with kinesin Kif27 but also two central pair proteins, 

Spag16 and Pcdp1. Taken together, these findings allow us to propose that Fu functions 

on the ciliary axoneme during a critical step of central pair construction. This provides a 

framework for future studies to understand how Fu and Kif27 on motile cilia facilitate a 

program of central pair construction. 

 Fu and Kif27 could be involved in recruitment or activation of central pair proteins 

such as Spag16 and Pcdp1 at the cilium base and along the cilium. Alternatively, Fu and 

Kif27 may mediate central pair construction either through distinct mechanisms or 

intermediate steps that connect Fu and Kif27. The cascade of events downstream of 

Fu/Kif27 that leads to central pair construction is unknown and may require Kif27-
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mediated transport of cargos and activation of multiple targets by Fu kinase activity. 

Whether Kif27, Spag16 and Pcdp1 are direct substrates of the Fu kinase needs to be 

tested. It is likely that Fu interacts with additional structural and non- structural 

components of central pair assembly. It is unclear whether Fu interacts with central pair 

proteins simultaneously or sequentially and whether Fu relies on other docking proteins 

on the cilium to mediate its interactions with central pair proteins. A systematic search 

for Fu targets will provide key insight into these questions. Similarly, identifying the 

potential cargos carried by Kif27 is a critical issue in uncovering the molecular 

mechanisms by which Fu/Kif27 regulate motile cilia construction and function. 

Compared to other ciliated tissues, ciliogenesis in the oviduct is influenced by hormones 

and other factors. Ciliated and secretory cells in the ampulla undergo a differentiation- 

dedifferentiation sequence with each menstrual cycle (Verhage et al., 1997). This raises 

the important question of how the basic process of motile ciliogenesis is coupled to 

tissue-specific hormonal regulation. For instance, it would be interesting to investigate 

whether Fu/Kif27 expression and function is affected by estrogen. This may reveal an 

additional layer of control beyond the common process of central pair assembly mediated 

by Fu/Kif27 in multi-ciliated tissues. 

 All identified Fu kinase homologs in diverse species participate in seemingly 

distinct cellular processes including cytokinesis in plants (Oh et al., 2005), chemotaxis in 

slime mold (Tang et al., 2008) and motile ciliogenesis in mammals (Wilson et al., 2009). 

Nevertheless, it is striking that control of microtubule-based activities by Fu appears to be 

the unifying mechanism in all of these processes. This implies that insight gained from 

studying a given process will be informative in understanding the underlying molecular 
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mechanisms of the other processes, in particular, central pair construction. These studies 

could also shed light on the relationships between the cellular processes that require Fu 

activity. 

 Drosophila Fu kinase activity has been reported using either fly Fu expressed in cell 

lines or immunoprecipitated Fu (Shi et al., 2011; Zhang et al., 2011b; Zhou and Kalderon, 

2011). Consistent with this, phosphorylation of the fly kinesin Cos2 (homolog of 

Kif7/27) depends on intact conserved Fu kinase residues (Ruel et al., 2007). By contrast, 

kinase activity of mammalian Fu has not been reported. Perhaps, established cell lines do 

not offer the proper cellular context required for mammalian Fu to become active. 

Alternatively, mammalian Fu is auto-inhibited (Eldar-Finkelman and Eisenstein, 2009) or 

it depends on a yet-to-be defined activation step, which is similar in principle to a number 

of identified kinases in the JNK or ERK family (Ramaswamy et al., 1998; Elzi et al., 

2001). Identifying prerequisites for mammalian Fu activation and Fu substrates is a 

crucial step toward understanding how Fu controls central pair assembly. 

 We have little insight into the molecular mechanisms that govern Fu and Kif27 

targeting to and trafficking on motile cilia. In this regard, Fu kinase activity does not 

seem to be necessary for Fu localization to motile cilia since ciliary distribution of FuK33R, 

in which the conserved residue in the kinase domain was eliminated, is similar to that of 

wild-type Fu. We do not have the structural resolution required to discern the distribution 

of Fu in distinct subcompartments (e.g., protein projections in the central pair apparatus) 

of motile cilia. This would entail production of Fu antibodies that can detect endogenous 

Fu protein through ultrastructural studies (Fisch and Dupuis-Williams, 2011; Shoemark 

and Hogg, 2013). Interestingly, while Kif27 appears to localize to the cilium base in 
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motile cilia, ectopically expressed Kif27 can traffic to the cilium tip of primary cilia. This 

could be due to distinct Kif27 partners in primary versus motile cilia that influence the 

dynamics of Kif27 distribution and trafficking. For instance, restricted Kif27 localization 

to the cilium base may be required for central pair construction. Conversely, although 

Kif7 localizes to the base of primary cilia and its intensity at the cilium tip increases upon 

Hh pathway activation, Kif7 can decorate the entire length of motile cilia when 

ectopically expressed in oviductal epithelia via lentiviral transduction. Likewise, this 

could result from distinct microenvironments in primary versus motile cilium. Identifying 

targeting sequences on Fu and Kif27 and their interacting proteins through proteomic 

approaches would yield candidates that direct localization and trafficking of Fu and Kif27 

on motile cilia. This would not only provide tools to manipulate Fu and Kif27 

distribution on the cilium and test the functional consequences but also enable 

mechanistic studies of central pair construction. 

 The molecular mechanisms by which Fu controls cilia orientation are unclear. It is 

possible that Fu directly or indirectly associates with the cytoskeleton to regulate ciliary 

orientation since kinesins are known to traffic on microtubules (Vale, 2003; Lawrence et 

al., 2004; Miki et al., 2005). Alternatively, Kif27 (and perhaps Fu) could interact with 

basal body components or accessory structures in controlling cilia orientation, since a 

fraction of Kif27 localizes to the basal body. Another possible mechanism for 

randomized cilia orientation in Fu mutant oviducts is disrupted planar cell polarity (PCP) 

(Lawrence et al., 2007; Seifert and Mlodzik, 2007; Wang and Nathans, 2007; Zallen, 

2007; Wallingford, 2010). In this scenario, Fu regulates planar cell polarity components 

and subsequently basal body and cilia orientation. Studies in multi-ciliated epithelium 
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suggest that Disheveled controls apical positioning of basal bodies (Park et al., 2008) and 

the PCP pathway orients airway cilia (Vladar et al., 2012). This raises the possibility that 

the PCP pathway may participate in cilia orientation during oviductal motile ciliogenesis. 

Finally, it is also possible that randomized cilia orientation in Fu mutants is a 

consequence of reduced fluid flow (Marshall and Kintner, 2008). In this case, loss of Fu 

results in ultrastructural defects in motile cilia, leading to a failure to generate 

coordinated ciliary movement and a directional flow. In the absence of a directional fluid 

flow as a cue, motile cilia fail to reorient their basal bodies along the same axis. Further 

studies are required to clarify the relationships or interactions between these mechanisms 

in diverse multi-ciliated tissues (Guirao et al., 2010; Kishimoto and Sawamoto, 2012). 
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MATERIALS AND METHODS  

Animal Husbandry 

 Fu+/– mice were maintained as previously described (Chen et al., 2005). 

 

Molecular Biology 

 Standard molecular biology techniques, including molecular cloning, genomic 

DNA preparation, PCR and Southern analysis were performed as previously described 

(Sambrook and Russell, 2001; Nagy et al., 2003). 

Fu-FLAG, Fu N-FLAG, Fu C-FLAG, Fu-mCherry, FuK33R-mCherry, Kif27-Myc, 

Kif27- eGFP, Kif7-Myc, Kif7-mCherry, Spag16L-HA, Spag16L-eGFP, Spag6-HA, 

Spag6-eGFP, Pcdp1-Myc and Gli1-FLAG were constructed using standard molecular 

biology techniques. Immunoprecipitation and immunofluorescence experiments were 

conducted with the constructs cloned into pCAGGS, FuPw or pcDNA3 (Life 

Technologies). 

 

In Situ Hybridization  

 Histological analysis and section in situ hybridization using 33P-labeled riboprobes 

were performed as described (Chen et al., 2005). Probes for mouse, chick and frog (X. 

tropicalis) Fu, Kif27 and Spag16 were amplified by PCR using partial or full-length 

cDNAs (Open Biosystems) as templates. 

 

Transmission Electron Microscopy (TEM) 

 Mouse tissue was fixed at C overnight in 3% glutaraldehyde /1% 
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paraformaldehyde /0.1 M sodium cacodylate, pH 7.4. Standard processing, embedding 

and sectioning procedures were used. Samples were examined on a JEOL 100CX or 

JEM-1230 transmission electron microscope. 

 

Basal Foot Polarity 

 The orientation and circular standard deviation (CSD) of basal feet from EM 

micrographs was determined as previously described (Mitchell et al., 2007). Circular 

statistics were calculated using Oriana 2.0 software (Kovachs Computing Services). 

 

Ciliary Beat Frequency (CBF) and Waveform Measurements 

 Oviducts were dissected from postnatal day 10–14 wild-type and Fu–/– animals, and 

cut into strips. Oviducts were washed briefly in PBS and placed in DMEM supplemented 

with 10% fetal bovine serum, penicillin/streptomycin and L-glutamine. Tissue was placed 

in a few drops of medium in a 35-mm glass bottom microwell dish (MatTek). Ciliary 

beating was observed using DIC microscopy on a Nikon TE2000E inverted microscope 

equipped with Perfect Focus, a 60x water immersion objective, 1.5x zoom adaptor and an 

in vivo Scientific incubator set at 37 C and 5% CO2. Ciliary beat frequency (CBF) and 

waveform measurements were performed as previously described (Wilson et al., 2009). 

 

Cell Culture, Transfections, and Immunoprecipitation 

 HEK293T cells were maintained in DMEM supplemented with 10% FBS, 

penicillin/streptomycin, and L-glutamine. Cells were transfected with Lipofectamine 

2000 (Life Technologies) according to manufacturer’s instructions. 48 hr post-
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transfection, cells were harvested and lysed on ice in lysis buffer (1% Triton X-100, 150 

mM NaCl, 50 mM Tris-Cl pH 7.5, 1 mM EDTA, complete Protease Inhibitor Cocktail 

Tablets (Roche)) for 30 min at C. Lysates were clarified by centrifugation at 20000g for 

15 min at C. The supernatant was transferred and bound to 30 l of anti-FLAG M2 or 

Myc (9E10) agarose beads (Sigma) equilibrated in lysis buffer overnight at C. Beads 

were washed three times with lysis buffer prior to complete removal of supernatant and 

addition of 2x sample buffer. Immunoprecipitated proteins were analyzed by 7.5-10% 

SDS-PAGE and transferred to PVDF or nitrocellulose membranes for immunoblotting. 

Primary antibodies used were rabbit anti-FLAG (Sigma, 1:2000), rabbit anti-Myc (Sigma, 

1:2000), and rabbit anti-HA (Sigma, 1:1000). Secondary antibodies used were donkey 

anti-rabbit HRP (Jackson ImmunoResearch, 1:4000) or IRDye 800CW goat anti-rabbit 

(Odyssey LI-COR Biosciences 1:10000). 

 

Primary Mouse Oviductal and Tracheal Culture and Viral Transduction 

 Primary mouse oviductal and tracheal epithelial cells were derived from postnatal 

day 21-90 female mice following procedures previously described (Ouhibi et al., 1989; 

Umezu et al., 2003). Briefly, oviducts and tracheae were collected in Ham’s F-12 

supplemented with pronase (Roche, 1.5 mg/ml) and penicillin/streptomycin, and nutated 

at 4"C for 18 hr. FBS was added to a final concentration of 10% and the tubes were 

inverted multiple times to facilitate cell release. This step was repeated twice, media were 

pooled, and spun at 400xg at 4"C for 10 min. Oviductal cells were resuspended in Ham’s 

F-12 supplemented with BSA (10 #g/mL) and DNase I (25 #g/ml). After incubation at 

4"C for 5 min, cells were spun at 400xg at 4"C for 5 min and resuspended in DMEM-
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Ham’s F-12 (1:1) supplemented with HEPES (15 mM, pH 7.2), L- glutamine and 

penicillin/streptomycin, and cultured at 37"C with 5% CO2. For immunostaining, cells 

were grown on gelatin- or collagen-coated glass coverslips (Fisher). Lentivirus was 

produced by co-transfecting cDNAs cloned into the FuPw vector with pCMV$8,9 and 

pVSV-G into HEK 293T cells as described above. Supernatant was harvested 72-96 hr 

post- transfection and filtered through a 0.45#m SFCA membrane syringe filter unit 

(Nalgene). Lentiviral supernatants were diluted in growth medium, supplemented with 

hexadimethrine bromide (Sigma, 8 #g/ml) and added to cells for 24 hr. After infection, 

media was replaced with complete growth media, and immunostaining was performed at 

least 48 hr post-infection. 

 

Immunofluorescence and Microscopy 

Cells were fixed in 4% paraformaldehyde at room temperature for 15 min (for acetylated 

tubulin staining), or in ice-cold methanol at – C for 5 min (for -tubulin staining). 

Paraffin sections of oviducts fixed in 4% paraformaldehyde were used. Standard 

procedures were used for immunostaining (Ausubel et al., 2003). Primary antibodies used 

were mouse anti-acetylated - tubulin (Sigma, 1:2000 for cultured cells and 1:500 for 

tissue sections), mouse anti- -tubulin (Sigma, 1:2000), rabbit anti-BBS13 (MKS1) 

(Proteintech, 1:30), rabbit anti-NIN (Ninein) (Proteintech, 1:20,000), mouse anti-AHI1 

(Abcam, 1:200), rabbit anti-cytokeratin (Santa Cruz Biotechnology, 1:400), mouse anti-

smooth muscle actin (Sigma, 1:1000), rabbit anti-GFP (Santa Cruz Biotechnology, 

1:1000) and rat anti-RFP (antibodies-online Inc, 1:1000). Secondary antibodies and 

conjugates used were donkey anti-mouse AlexaFluor 594 (Life Technologies, 1:2000), 
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goat anti-rabbit AlexaFluor 488 (Life Technologies, 1:2000), and donkey anti-mouse 

FITC (Life Technologies, 1:2000). 

 Epifluorescence images were acquired using a Nikon E1000 microscope. Confocal 

images were acquired with a TE2000U inverted microscope with a Yogokawa CSU22 

spinning disk confocal (Solamere Technology Group) or a Leica TCS SPE laser scanning 

confocal system. Confocal stacks were collected using a 0.25 m step size along the z-

axis. NIH ImageJ was used for image analysis and generation of xy, xz, and yz projections. 
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FIGURE LEGENDS 

Figure 3-1: Oviducts in Fu-deficient mice exhibit proper cell type specification and 

normal outgrowth of motile cilia.  

(A, B, K-N) Isotopic in situ hybridization using 33P-UTP-labeled ribo-probes (pink) 

derived from Fu, Kif27 or Spag16 on paraffin sections of wild-type (A, K, M) and Fu–/–
 

(B, L, N) mouse oviducts at p10-14. Fu, Kif27, Spag16 are all expressed in the oviductal 

epithelium and expression of Kif27 and Spag16 is unaltered in the absence of Fu. (C, D) 

Hematoxylin-and- eosin (H&E)-stained sections of oviducts from wild-type and Fu–/– 

mice at postnatal day 14 (p14). (E-H) Immunostaining of oviducts from wild-type and 

Fu–/– mice at p14 using anti- cytokeratin (E, F) and anti-smooth muscle actin (SMA) 

antibodies (G, H). No apparent differences of epithelial cytokeratin or mesenchymal 

SMA immunoreactivity were detected between wild-type and Fu–/– oviducts. (I, J) 

Immunostaining of oviducts from wild-type and Fu–/– mice at p14 using anti-acetylated 

tubulin antibodies which label motile cilia on the surface of oviductal epithelium. 

Generation of motile cilia is not perturbed in the absence of Fu. Scale bar = 50 m for A, 

B, K-N. Scale bar = 50 m for C-D, E-J. 

 

Figure 3-2: Mouse Fu is required for central pair construction and cilia orientation 

during oviductal motile ciliogenesis.  

(A-F) Transmission electron micrographs of motile cilia axonemes from wild-type and 

Fu–/– oviducts. Arrows indicate the central pair microtubules. In Fu–/– oviducts, central 

pair microtubules were missing in both the axoneme (D) and in the basal plate (E), which 

is characterized by electron dense material surrounding the outer microtubules and is the 
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site of central pair outgrowth. No central pair apparatus was detected in the transition 

zone (C, F) at which the triplet microtubules of the basal body transition to the doublet 

microtubules of the ciliary axoneme. Outer microtubule doublets and associated 

structures were grossly normal in Fu–/– oviducts (D). (G) Quantification of ultrastructural 

defects from wild-type (n = 4 animals, mean 146 cilia/animal analyzed) and Fu–/– (n= 5 

animals, mean 181 cilia/animal analyzed) oviducts. Error bars indicate standard deviation 

(s.d.). Other defects include loss of a single central pair microtubule (9+1), and loss of 

one or both central pair microtubules with a loss of one of the outer doublet microtubules. 

Cilia with (9+1) ultrastructure are the most prevalent in the “other defects” category. (H, 

I) Representative transmission electron micrograph images of basal foot polarity (arrows) 

in p14 wild-type and Fu–/– oviducts. In wild-type oviducts, most basal feet are oriented in 

the same direction. By contrast, the degree of disordered basal foot orientation is 

increased in the absence of Fu. (J) Quantification of circular standard deviation (CSD) of 

basal feet from wild-type (n = 19 cells from 4 animals) and Fu–/– (n= 49 cells from 5 

animals) oviducts (P < 0.001 using unpaired Student’s t-test). We measured the mean 

orientation of cilia relative to a reference line parallel to the oviductal epithelium. We 

then calculated the variation in ciliary orientation around the mean, which is denoted as 

circular standard deviation (CSD). CSD of cilia is 26.07 ± 4.18o in wild-type and 44.38 ± 

3.96o in Fu–/– oviducts. Error bars indicate standard error of the mean (s.e.m.). (K, O) 

Luminal view of wild-type and Fu–/– oviducts. Retention of mucus and debris was seen in 

Fu-deficient oviducts. (L, P) Luminal view of wild-type and Fu–/– oviducts at a higher 

magnification. Traces of cilia beat path were overlaid on still differential interference 

contrast (DIC) images of oviductal cilia. (M, Q) Lateral traces of cilia waveform. Arrows 
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indicate directions of the forward effective strokes. (N, R) Mean ciliary beat frequency 

(CBF) was calculated from mean 24 cilia/animal (n = 9 animals for wild-type and Fu–/–). 

These values are consistent with previous reports. (S) Schematic lateral view of a wild-

type 9+2 cilium depicting the locations of the ciliary axoneme, basal plate, transition 

zone and basal foot. Original magnification, x44,000 (A-F), x26,500 (H, I). Scale bar = 

10 m for K, L, O, P. 

 

Figure 3-3: Fu decorates the entire cilium while Kif27 localizes to the ciliary base. 

 (A-F) Immunostaining of primary oviductal cells derived from wild-type adult mice and 

subsequently infected with lentiviruses expressing the Fu-mCherry fusion protein. Fu-

mCherry is present along the entire length of motile cilia visualized by anti-acetylated 

(Ac) tubulin. The basal body from which the motile cilium extends is marked by -

tubulin antibody. We do not have the structural resolution required to determine whether 

Fu-mCherry localizes to the central pair microtubules. Moreover, antibodies that can 

detect endogenous Fu protein are not available. (G-L) Fu-mCherry distribution in 

primary mouse tracheal epithelial cells (MTECs) is similar to that in oviductal cells and 

Fu-mCherry decorates the entire length of motile cilia in MTECs. Variations in the 

efficiency of lentiviral transduction and expression could lead to apparent differences in 

Fu intensity among individual cells. We have not succeeded in establishing a cell culture 

system for studying oviductal motile ciliogenesis. Nevertheless, in our previous studies 

(Wilson et al., 2009), we reported expression of Fu and Kif27 at various stages of MTEC 

differentiation. This would suggest that Fu/Kif27 expression in motile cilia of oviducts 

likely follow a similar time course. (M-R) Ciliary distribution of FuK33R-mCherry 
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distribution in oviductal cells and MTECs is similar to that of Fu-mCherry. (S-X) 

Immunostaining of primary oviductal cells derived from wild-type adult mice and 

subsequently infected with lentiviruses expressing the Kif27-eGFP fusion protein. Kif27-

eGFP localizes to the cilium base as indicated by its overlapping immunoreactivity with 

-tubulin. (Y-A’) Immunostaining of primary oviductal cells derived from wild-type 

adult mice and subsequently infected with lentiviruses expressing the Spag16-eGFP 

fusion protein. Spag16-eGFP decorates the entire cilium in a pattern similar to Fu-

mCherry. Scale bar = 5 m for A-R, S-U, V-X, Y-A’. 

 

Figure 3-4: Distinct patterns of ciliary localization of Kif27 and Kif7 on primary 

and motile cilia.  

(A-D) Immunostaining of primary oviductal cells derived from wild-type adult mice and 

subsequently infected with lentiviruses expressing the Kif27-eGFP fusion protein. Kif27-

eGFP signal is restricted to a region between the transition zone (marked by MKS1) and 

basal body (labeled by -tubulin). Data not shown for other markers that label various 

compartments of the cilium (such as NIN for the subdistal appendage). (E-H) 

Immunostaining of primary oviductal cells derived from wild-type adult mice and 

subsequently infected with lentiviruses expressing the Kif7-mCherry fusion protein. 

Kif7-mCherry is present along the entire length of motile cilia visualized by anti-

acetylated (Ac) tubulin. (I-L) Immunostaining of mesenchymal cells derived from 

oviducts of wild-type mice and subsequently infected with lentiviruses expressing the 

Kif27-eGFP or Kif7-mCherry fusion protein. Both Kif27-eGFP and Kif7-mCherry 

localize to the cilium base and tip but Kif7-mCherry only traffics to the cilium tip upon 

78



Hh pathway activation. Scale bar = 2 m for A-D, I-L; 5 m for E-H. 

 

Figure 3-5: Mouse Fu interacts with the central pair protein Pcdp1 and Fu can form 

a dimer or multimer.  

(A) Western blot of immunoprecipitated Fu-FL -

-FLAG) to detect possible physical interactions with Pcdp1-Myc from 

HEK293T cell lysates. Pcdp1 can be pulled down from the cell lysate when Fu-FLAG 

was immunoprecipitated with anti- o physically associates 

(B) Conversely, 

immunoprecipitated Pcdp1-Myc can bring down Fu- 

-

Pcdp1 interaction was observed. By contrast, control Gli1-FLAG protein does not 

interact with Pcdp1-Myc in co-immunoprecipitation experiments (data not shown). (C) 

Western blot of immunoprecipitated Fu to detect possible dimer or multimer formation. 

Fu-Myc can be pulled down from the cell lysate when Fu-FLAG was immunoprecipitated 

with anti-FLAG antibodies. Reciprocally, Fu-FLAG can be pulled down from the cell 

lysate when Fu-Myc was immunoprecipitated with anti-Myc antibodies. Control Kif7-

Myc protein does not interact with Fu-FLAG in co-immunoprecipitation experiments 

(data not shown). WB, western blot; In, input; IP, immunoprecipitation. Numbers on the 

right indicate locations of protein size standards. 

 

Figure 3-6. Acetylated tubulin stains motile cilia in the epithelial lining of mouse 

oviducts.  
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Confocal immunofluorescence images of wild-type mouse oviducts at postnatal (p) day 

21 using anti-acetylated tubulin antibody (Ac-tubulin, red) and DAPI (nuclear staining, 

blue). Acetylated tubulin marks motile cilia that line the folds of the oviduct fimbria. 

 

Figure3-7. Fu does not localize to the primary cilium when overexpressed in mouse 

embryonic fibroblasts.  

Immunostaining of wild-type mouse embryonic fibroblasts (MEFs) infected with 

lentiviruses expressing Fu-mCherry. Fu-mCherry signal (red) is exclusively cytoplasmic 

and is not present on the primary cilium marked by anti-acetylated tubulin (Ac-tubulin, 

green). Nor is Fu found in the nucleus identified by DAPI staining (blue). 

 

Figure 3-8. Mouse Fu co-immunoprecipitates with two central pair proteins Pcdp1 

and Spag16.  

(A) Western blot of immunoprecipitated mouse FLAG-tagged Fu (FuFLAG) to detect 

interactions with Myc-tagged human Pcdp1 (Pcdp1Myc) expressed in HEK 293T cells. 

Pcdp1 can be pulled down from the lysates when FuFLAG was immunoprecipitated with 

anti-FLAG agarose but not with control IgG agarose. (B) Western blot of 

immunoprecipitated mouse FuFLAG to detect interactions with HA-tagged mouse Spag6 

(Spag6HA) and Spag16 (Spag16HA) expressed in HEK 293T cells. Spag16 but not Spag6 

can be pulled down from the lysates when FuFLAG was immunoprecipitated. An IgG 

control does not pull down any tagged proteins under identical experimental conditions. 

WB, western blot; IP, immunoprecipitation. IgG (mouse anti-IgG agarose, Sigma); 

FLAG (mouse anti-FLAGM2 agarose, Sigma); mouse anti-Myc antibody (9E10, ATCC); 
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rabbit anti-FLAG antibody (Sigma); rabbit anti-HA antibody (Sigma). 
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CHAPTER IV 

Fused is a is a manchette protein involved in nuclear head shaping and in the 

assembly of periaxonemal structures of the mammalian spermatozoon 
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INTRODUCTION 

The successful fertilization of the ovum depends on the proper development of the 

sperm cell during spermatogenesis in eukaryotic reproduction. The mature sperm cell is 

highly polarized, with a nuclear head structure on one end, and a flagellum on the other 

end that will propel the cell through the female reproductive track. In the mammalian 

testes, the seminiferous tubules – tightly wound epithelial coils – support the cyclical 

development of spermatogonia (undifferentiated male germ cells) into spermatozoa. The 

spermatocytes undergo several rounds of mitosis and meiosis, followed by drastic 

morphological changes that result in a polarized haploid spermatid in a closely regulated 

process termed spermiogenesis. In summary, within the confines of the Sertoli nurse cells, 

the spermatid chromatin condenses tightly, while the acrosome assembles on the 

basolateral end of the cell to form the head structure. The acrosome cap contains 

hydrolytic enzymes required for penetrating the zona pellucida of the ovum. Concurrently, 

an axoneme is anchored on the luminal side of the nucleus and extends distally to form 

the tail. The cytoplasm shrinks and the proteins within are sorted and transported to their 

final destination. Eventually, residual cytosolic components are discarded and the mature 

sperm is released into the lumen (review in Eddy 2006).  

Various microtubule-based structures support the shaping of the falciform mouse 

spermatid head and the assembly of the flagellar tail. Incomplete cytokinesis in mitosis 

and meiosis results in the formation of stable intercellular bridges at the site of the cleave 

furrow (called the midbody), which allow cytoplasmic material to be shared among 

hundreds of daughter cells (Greenbaum et al. 2011). Concomitantly, the spermatid 

chromatin condenses, fastened by a transient sleeve-like structure called a manchette. 
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Motor proteins on microtubule tracks of the manchette support an intraflagellar transport 

(IFT)-like system (called intramanchette transport, IMT) to carry cargo from the 

cytoplasm into the acrosome and the centrosome-derived head-tail coupling apparatus 

(HTCA)(Figure 4-5)(Kierszenbaum et al. 2002a, 2011b).  On the proximal end of the 

cell, the acrosome is anchored onto the nucleus by an F-actin and keratin-based plate 

called the acrosome-acroplaxome complex (Kierszenbaum et al. 2004). The interaction 

between the acrosome and the manchette domains facilitates the construction of the 

acrosome from Golgi-derived vesicles and contributes to head shaping through both actin 

and microtubule-based transport (Kierszenbaum et al. 2003, Moreno et al. 2006). 

Alongside the head morphological changes, the sperm flagellum axoneme extends by IFT 

while specialized accessory structures such as mitochondria, outer dense fibers and the 

fibrous sheath assemble around the axoneme (Oko and Clemont, 1989). Despite our 

knowledge of the morphological changes occurring in spermiogenesis, the molecular 

mechanisms and the players involved in this process are still poorly understood.  

In our previous studies, we determined the requirement of the putative serine-

threonine kinase Fused (Fu) in motile ciliogenesis (Wilson et al. 2009, Chapter 3).  Fu is 

a conserved ciliary protein involved in the construction or maintenance of the central pair 

doublet in the vertebrate 9+2 axoneme of multi-ciliated tissues such as the epithelial cells 

of the ependyma, trachea and oviduct. As a result, the Fu mutant cilia are dysfunctional 

and unable to establish directional fluid flow on the epithelial surface (Chapter 3). The 

question arises as to whether Fused has similar requirements in the sperm flagellum that 

contains the same 9+2 microtubule distribution in the axoneme. However, the early 
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mortality phenotype of the Fu knockout mouse precludes the examination of the sperm 

flagellum (Chen et al. 2005).  

In this study, we report that conditional deletion of Fu in the germ cells results in 

male infertility and sperm motility defects. Surprisingly, the conditional knockout 

phenotype exhibits an intact 9+2 axoneme in all sperm flagella, and shows instead an 

unusual and defective distribution of the periaxonemal accessory structures. Furthermore, 

we determine that the Fu protein is associated with multiple organizing structures during 

spermiogenesis, such as the manchette, acrosome-acroplaxome, and intercellular bridges. 

Finally, we provide evidence that Fu interacts with components of the manchette and the 

periaxonemal structures. These findings establish Fu as a novel manchette-associating 

protein with essential roles in spermatid head shaping and tail morphology. In humans, 

low sperm count and motility defects are the main causes of male infertility (Curi et al. 

2003, Kubo-Irie et al. 2004). Since morphological sperm abnormalities underlie many 

male infertility phenotypes, the identification of Fused as an integral sperm protein may 

provide insight into the molecular causes of these syndromes.    

 

RESULTS 

Fused is expressed in the germ cells of the mouse testes 

In our previous studies, we determined that Fused (Fu) is required for the 

construction or maintenance of the central pair structure in the 9+2 axoneme of cilia in 

the tracheal, ependymal and oviductal epithelial tissues (Wilson 2009, Chapter 3). Since 

the vertebrate sperm flagellum shares the 9+2 arrangement of the axoneme microtubule 

doublets, we set out to determine whether Fused has a conserved role across multiple 
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mammalian tissues. We examined the expression of Fu, its interacting partners kinesin 

Kif27, and central pair protein Spag16 in the seminiferous tubules of juvenile and adult 

testes by isotopic in situ hybridization (Fig1A, C, E and data not shown). All genes were 

expressed in the germ cells, pointing to a function for Fused, Kif27 and Spag16 in 

spermatogenesis.  The results show that Fu, Kif27 and Spag16 are expressed in “9+2” in 

both flagella and motile ciliated tissues.   

 

Male mice with conditional deletion of Fused in germ cells are infertile 

Having established the expression of Fu in germ cells, we examined its role in 

spermatogenesis by loss of function gene targeting. The Fu knockout mutant mice only 

live up to two weeks and do not reach sexual maturity, preventing us from studying the 

consequence of Fu loss in actively developing spermatocytes (Chen et al. 2005, Wilson et 

al. 2009). The Cre-Loxp system allows for the tissue-specific deletion of a gene for cases 

where a complete knockout results in early lethality (Kühn et al. 1995.)  Briefly, two loxP 

sites were inserted surrounding the first five exons of Fused (also known as Stk36) gene 

(Chen et al. 2005). The loxP sites are excised when Cre recombinase is present, 

effectively inactivating the target gene. Recombination was induced by crossing Fu(flox) 

males to females with the Cre gene under the Vasa germ cell-specific promoter (Vasa-

Cre) (Gallardo et al. 2007) to obtain mice in which the floxed Fu gene does not produce 

any functional transcripts in the germ cells (Vasa-Cre/+ ; Fuc/- mutant line, designated as 

Vasa-Fu) (Figure 4-1 A,B).  

Vasa-Fu progeny were born at the expected Mendelian ratios. Vasa-Fu males 

were collected from 7 days after birth to sexually mature adults. The deletion of Fu 
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transcripts was confirmed in the Vasa-Fu male testes by isotopic in situ hybridization 

(Figure 4-1 B). The appearance of Vasa-Fu mice was indistinguishable from their wild-

type littermates. We tested the fertility of Vasa-Fu and heterozygous (Vasa-Cre/+ ; Fuc/+) 

males by setting up matings with wild-type female littermates over a period of 12 weeks. 

Despite the presence of vaginal plugs in the females, the Vasa-Fu males failed to sire any 

offspring, while heterozygous males showed normal fertility (Table 4-1).  

 

Vasa-Fu male reproductive organs have normal morphology but reduced sperm 

count 

The testes and epididyma were examined by light microscopy and histology. 

Vasa-Fu and heterozygous testes were of comparable morphology, size and sperm 

density (Figure 4-1, Table 4-1). Germ cells were present in the seminiferous tubules at 

all stages of development; other non-germ cells, such as Leydig cells in the interstitial 

tissues, were present (Figure 4-1 G,I). Stained sections of the cauda epididymis also 

show comparable morphologies, with a slight decrease in Vasa-Fu sperm density (Figure 

4-1 H,J).  

To confirm the difference in sperm density, we determined the levels of mature 

sperm in the testes and the cauda epididymis. Each tissue was disrupted by sonication to 

isolate sperm heads. Table 4-1 shows a slight decrease (approximately 14%) in the Vasa-

Fu testes sperm count, and a 30% decrease in the cauda epididymis. This result implies 

that viable sperm production and/or release from the testes is affected in Vasa-Fu mice.  
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Defective head-tail coupling and nuclei morphology of Vasa-Fu flagella 

To further investigate the cause of lowered sperm count and infertility in Vasa-Fu 

males, mature sperm were collected from the caudal epididymis and analyzed by light 

microscopy. Over 35% of sperm observed were decapitated, with loose head and tail 

structures found in the collected medium (Table 4-1). Sperm that retained their heads 

appeared grossly normal, with the flagellum of normal length. Closer examination with 

phase-contrast light microscopy revealed an odd club-shaped head morphology in nearly 

all Vasa-Fu sperm. The mouse sperm heads contained nucleic material, based on the 

nuclear DAPI stain (Figure 4-2 insets) but were excessively elongated, and missing the 

characteristic hook shape at the distal tip (Figure 4-2). Transmission electron microscopy 

analysis of the sperm head structure confirmed the presence of a deformed head structure 

(Figure 4-3). In wild-type sperm, the acrosome cap structure, covering the anterior 

portion of the head, is tightly associated with the nucleus through the acrosome-

acroplaxome complex. However, large gaps were observed in between the acrosome and 

the nucleus of Vasa-Fu sperm (Figure 4-3 B). The deformation of the head structure may 

partly explain the infertility phenotype because the acrosome cap is required for 

fertilization to occur, and the morphological defects may have reduced the possibility of 

fertilization. The lowered epididymal sperm count can be explained by the ubiquitin-

regulated shedding of abnormal sperm in transit to the caudal epididymis (Hou and Yang, 

2013).  

The manchette structure is perturbed in elongating spermatids 

The presence of a deformed sperm head raises the question of whether 

spermiogenesis is affected. Spermiogenesis is the stage of spermatogenesis when the 
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round haploid spermatid undergoes drastic morphological changes to transform into an 

elongated spermatozoon that is ready to spermiate. To study the development of Vasa-Fu 

spermatids in greater detail, germ cells at various stages of development were dissociated 

from the testes, spread on slides and probed with antibodies against the microtubules 

(acetylated tubulin, Ac-tubulin) and with nuclear-staining DAPI (Figure 4-4). 

The appearance of the microtubule-based manchette structure around the nucleus 

coincides with events such as the condensation of the nuclear head and the shuttling of 

proteins from the cytoplasm to the developing flagellum. Therefore, the manifestation, 

maturation and disappearance of the manchette were closely monitored.  Early round 

spermatids had normal morphology in Vasa-Fu spermatozoa but abnormal elongation of 

the nuclei was visible from step 8 and continued through condensation and spermiation 

(Figure 4-4 A-D). While wild-type nuclei had an angled, conical-shaped manchette 

surrounding the nucleus in step 9-12, the Vasa-Fu manchettes were often elongated with 

a high degree of lateral asymmetry. Through the elongation phase of the spermatid, the 

Vasa-Fu manchette was ectopically present near the proximal end of the nuclei and had a 

pincer-like appearance. The manchette appeared to pinch the nuclei in this region, 

promoting the club-shape nucleus of mutant spermatids (Figure 4-4 G). In the late 

spermiation stages, acetylated tubulin is mostly restricted to the base of the head and the 

axoneme of the sperm flagellum (head-to-tail coupling occurs at the former). In the 

mutant spermatid however, a long sliver of acetylated tubulin staining persists on the 

underside of the nucleus and eventually disappears in the mature sperm (Figure 4-4 H, J). 

These results suggest that loss of Fu leads to abnormal nuclear head shaping due to 

defective manchette function. 
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Most Vasa-Fu sperm flagellum are immotile or unable to effectively propagate a 

waveform 

A common cause of human male infertility is asthenozoospermia, or reduced 

sperm motility. To investigate the motility of Vasa-Fu sperm, mature spermatozoa were 

released from the cauda epididymis in warm capacitating medium (human tubal fluid 

solution, HTF) and tracked by video microscopy. Capacitation is a maturation step that 

normally occurs in the female reproductive tract in order to increase the motility of the 

sperm (Fraser 1998). Upon capacitation, wild-type spermatozoa show increased flagellar 

beat frequency and the waveform shape changes from symmetrical to asymmetrical to 

compensate for the more viscous environment of the female reproductive tract. The 

waveform is generated as a bend at the base of the flagellum that is propagated along its 

length. It is powered by the sliding of microtubule pairs in the flagellar axoneme and 

ATP hydrolysis by the dynein motor proteins heavy chains (Inaba 2011). In non-

decapitated Vasa-Fu spermatozoa, 48% have no motility, with only 25% displaying any 

progressive movement (Table 4-2). The remaining spermatozoa were motile in that they 

were able to generate a bend in the flagellum under capacitation, but were unable to 

propagate it, as seen in Figure 4-6. The flagellum appeared to be constrained and did not 

progress. This indicates that although these spermatozoa appeared to respond to the 

influx of Ca2+ in the capacitation medium by initiating a bend at the base of the flagellum, 

the signal was either too weak to propagate or some other physical limitation was present 

within the flagellum. However, over half of the spermatozoa completely lacked motility. 

Therefore, the absence of Fu in the mature sperm resulted in severe abrogation of 
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motility. Combined with the head structural abnormalities, the flagellum phenotype 

would effectively prevent fertilization in normal physiological conditions.   

 

Normal central pair doublet but periaxonemal defects in Vasa-Fu flagella axonemes 

The abnormal flagellum motility phenotype raised the possibility that the inner 

structure (such as the axoneme) of the tail may be perturbed in Vasa-Fu mice. In Fu 

mutants, the axonemes of multi-ciliated tissues often lacked the central pair doublet, 

which resulted in dysmotile cilia (Wilson et al. 2009, Chapter 3). Transmission electron 

microscopy analysis was performed on cross-sections of epididymal and testicular sperm 

flagella. Surprisingly, the 9+2 axoneme appeared normal and, unlike in Fu mutant motile 

ciliated tissues, the central pair microtubules were present in all cross sections entirely 

along the mid and principal pieces of both testicular and epididymal flagella (Figure 4-7 

B; Figure 4-13.) The overall axoneme structure was intact in all sections observed.  

In the sperm flagellum, the axoneme is surrounded by a fibrous sheath, a 

cytoskeletal membrane connected by keratinous transverse ribs and anchored by two 

longitudinal columns on opposite ends at position “8” and “3” (Figure 4-7 A). The 

sheath influences the plane of the flagellar motion, the waveform and the flexibility of the 

tail (Eddy et al. 2003). In Vasa-Fu spermatozoa, the fibrous sheath was often punctured 

and grossly distorted, with large gaps visible within the membrane of the principal piece 

(Figure 4-7 B f-g). Furthermore, while the normal 8+3 positioning of the longitudinal 

column was maintained in all observed Vasa-Fu flagella, one or two additional 

longitudinal columns were present at a randomized location in over 50% of principal 

piece sections analyzed (Figure 4-7 B h-j). Each Vasa-Fu mouse differed in the position 
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of the additional columns, with the most common being a third column on the 2 or 6 

positions. In approximately 5% of sections, a fourth column could be detected (Figure 4-

7 C, data not shown.) The additional longitudinal column(s) was confirmed by the 

presence of a longitudinal column anchor (LC-A) between the column and its 

corresponding doublet (Figure 4-7 C). Other periaxonemal structures, such as the outer 

dense fibers and the mitochondria, appeared to be normal (Figure 4-7 and data not 

shown).  The inability of the Vasa-Fu flagellum to initiate a propagating waveform can 

be explained by disruption of the fibrous sheath and the presence of additional 

longitudinal column(s) that would restrict the bending of the flagellum along its length 

and thwart any directed movement.  

 

Fused is present in intercellular bridges, the acrosome-acroplaxome complex and 

the manchette of the developing spermatid 

The specific sperm phenotype and expression pattern of Fu points to a direct role 

in spermatogenesis. To determine the subcellular distribution of Fused in the developing 

sperm, a transgenic line was created to express the Fused protein tagged with green 

fluorescent protein under the Vasa germ cell-specific promoter (Vasa FuGFP.) 

Transgenic mice testes were harvested just after weaning (postnatal day 21) and once 

they reached sexual maturity (p40-p100). The tissues were fixed in paraformaldehyde and 

processed first in sucrose and then in freezing medium. Frozen sections on slides were 

stained with nuclear DAPI and examined under a scanning confocal microscope. 

Fluorescence was observed broadly in the cytoplasm of both immature and developing 

spermatocytes, but not in Sertoli or interstitial cells (Figure 4-14). Testes cells were also 
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released from the seminiferous tubules, dried down on pre-fixed slides, and processed for 

immunofluorescence. A strong GFP signal was observed starting in the cytoplasm of 

spermatocytes and early spermatids. However, at the round spermatid stage (step 1-7) 

specific staining was observed in multiple rings on the plasma membrane (Figure 4-8 A 

b). These rings were determined to be intercellular bridges, which connect the cytoplasm 

of multiple spermatids together, by their positions on the surface and appearance. The 

intercellular bridges were present through the elongation phase and eventually 

disappeared when spermatids were fully elongated (Figure 4-8 A h, Figure 4-9). In 

addition to the intercellular bridge localization, specific FuGFP localization also 

coincided with the appearance of the manchette structure (Figure 4-8 A c-f). GFP puncta 

decorated the perinuclear ring on the leading edge of the manchette that, together with the 

acroplaxome marginal ring, shapes the spermatid during the head elongation phase. GFP 

signal was also present on the microtubule tracks of the manchette. Furthermore, some 

staining was observed on the distal end of the nucleus, where the acrosome-acroplaxome 

complex builds the acrosome cap (Figure 4-8 A c-f). GFP fluorescence dropped abruptly 

once the spermatid was elongated (Figure 4-8 A h; Figure 4-14). Spermiating cells only 

had faint cytoplasmic staining in the residual bodies, which disappeared completely at 

maturity (Figure 4-8 A h, D).  

To confirm the localization of FuGFP protein in the developing spermatid, 

endogenous Fu staining was also tested with a commercial antibody against STK36 

(Proteintech.) Although the antibody worked well in western blots (data not shown), its 

application in immunofluorescence resulted in very weak specific staining and high 

background. Nonetheless, immunofluorescence was detected in the perinuclear ring 
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(Figure 4-12 A c-j) and occasionally in what appeared to be the intercellular bridges 

(Figure 4-12 A b). The specific staining disappeared when the antibodies were tested on 

Vasa-Fu germ cells (Figure 4-12 B). Therefore, the transgenic FuGFP signal in the 

spermatids matches the endogenous antibody staining.  

In summary, Fu subcellular localization in the sperm coincided in timing with the 

early development of spermatids and with the appearance, then later disintegration of the 

intercellular bridges, manchette and the acrosome-acroplaxome complex. Given that mice 

that lack the intercellular bridges in the testes have their spermatozoa arrest in early 

meiosis, it is unlikely that Fu plays a significant role in this structure because Vasa-Fu 

mice can produce mature sperm (Greenbaum et al. 2006.) We lack the resolution to 

determine whether Fu is also situated in the flagellum. The data point to Fu having a role 

in the head shaping and flagellum protein sorting functions of the manchette.  

 

Kif27 is associated with the manchette perinuclear ring and the head-tail coupling 

apparatus 

In our earlier studies, we showed that Fu interacts with the kinesin Kif27 in 

cultured cells (Wilson et al. 2009). To determine whether Kif27 also functions in 

spermatogenesis, a transgenic line was created in which the Kif27 protein is fused to a 

green fluorescent protein and expressed under the Vasa promoter (Vasa Kif27GFP). 

Frozen sections of young and mature testes show that Kif27GFP is expressed in the 

cytoplasm of all germ cells, similarly to FuGFP (Figure 4-14). Closer examination of 

dry-down or squashed spermatids showed specific localization of Kif27GFP in the 

manchette perinuclear ring of early and elongating spermatids (Figure 4-8B j-m, Figure 
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4-9). After the manchette is dismantled, Kif27GFP is observed in the head-tail coupling 

apparatus (HTCA) where the flagellum connects to the head (Figure 4-8 B n). The 

distribution of Kif27GFP in elongating spermatids is reminiscent of other manchette 

motor transport proteins such as IFT88 (Kierszenbaum et al. 2011b) and Hook1 

(Mendoza-Lujambo et al. 2002). Some Kif27GFP signal remained in the residual bodies 

or droplets but eventually disappeared in mature sperm (Figure 4-8 B p).  The behavior 

pattern of Kif27GFP and its similarities to other manchette proteins strongly suggest an 

active role in manchette-related head shaping and sorting functions.  

 

The Fused protein interacts with the small heat shock protein ODF1 and the kinesin 

Kif27 in the sperm  

Having determined a manchette-related role for both Fu and Kif27, known 

manchette proteins were screened for association with the Fu protein. However, neither 

protein bound to Hook1 or the ubiquitin-ligase protein Ube2b in cultured HEK293T cells 

(Figure 4-10 C and data not shown). Other candidates were screened based on the mouse 

knockout phenotype, such as Odf1, the small heat shock protein family chaperone Outer 

Dense Fiber 1. Odf1-deficient male mice are infertile due to decapitation of the sperm 

head, according to Yang et al. (2012). The mutant axonemes exhibit disturbed 

organization of the mitochondria and outer dense fibers, resulting in a coiled tail. Odf1 

has been shown to bind to microtubules via Spag4/5 (Fitzgerald et al. 2005; Shao et al. 

1999) and kinesin light chain 3 (KLC3, Bhullar et al. 2003) and may mediate the linkage 

between the sperm tail and the head. Therefore, based on the decapitation phenotype and 

periaxonemal localization, Odf1 was tested by co-immunoprecipitation (Co-IP).   
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Epitope-tagged Fu and Odf1 were expressed in HEK293T cells and the lysates 

immunoprecipitated with either Flag or Myc epitopes. Fu-Flag pulled down Odf1-myc, 

and conversely, Odf1-Flag pulled down Fu-myc (Figure 4-10 B). To determine the Fu 

domains necessary for the interaction, Fu deletion constructs with epitope tags were 

expressed, including Fu C- -Flag) and Fu kinase 

-Flag). Odf1 was found to interact with the Fu kinase domain but not 

the regulatory domain, which raises the possibility that Odf1 may act as a kinase 

substrate (Figure 4-10 A). 

Kif27 is the homolog of fly Costal2 and a known interacting partner of Fu in both 

flies and mammals (Stegman et al. 2000, Wilson et al. 2009). However, the significance 

of this interaction has not been explored in mammals in vivo. First, we determined which 

-Flag 

-Flag were immunoprecipitated from HEK293T lysates. None of the constructs 

were able to pull down the Kif27 ortholog Kif7, tagged with myc epitopes (Kif7MYC). 

-Flag) could pull down Kif27 tagged with myc 

epitopes (Kif27MYC) (Figure 4-11).  

 

DISCUSSION 

The putative serine-threonine kinase Fused (Fu) is required for the function of 

mammalian 9+2 motile cilia in multiple tissues. However, a question remains as to 

whether Fu directly regulates the organization of the axoneme central pair doublet or if 

the mouse knockout phenotype was an indirect consequence of an upstream regulation 
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step. To attempt to answer this question, we examined the role of Fu in the sperm 

flagellum, since it also contains the same 9+2 axoneme.  

In this chapter, we show that Fu is a spermatid protein and participates in the 

development of the elongating spermatozoon. In order to investigate the functional 

consequences of Fu deletion in the mouse sperm, a conditional allele of Fu was 

expressed under the germ cell-specific Vasa promoter. The Vasa-Fu mice are infertile 

due to malformations of the sperm head and flagellum. The mutant sperm head exhibits a 

deformed club-shaped nucleus, unhinged positioning of the acrosome, and is easily 

detached from the tail. The defects are typical of nuclear head shaping defects (Mendoza-

Lujambio et al. 2002, Kierszenbaum and Tres 2004). In addition, the mutant sperm have 

motility defects due to fibrous sheath dysplasia.  

 

Fused associates with microtubule-organizing centers of the sperm head 

After meiosis, a round haploid spermatocyte undergoes a series of dramatic 

cytoskeletal and nuclear changes to become a mature elongated spermatozoon. The three 

main rearrangements that occur are: (1) condensation of the nuclear chromatin, (2) 

establishment of the acrosome by Golgi-derived vesicles, (3) assembly and elongation of 

the flagellum. While the changes are well documented, the molecular mechanisms behind 

sperm head shaping are not fully understood. How do the cytosolic components control 

the reconfiguration of the entire cell?  

Fu is broadly localized to the cytoplasm and the cilia in cultured cells (Wilson et 

al. 2009, Chapter 3). Consequently, Fu is expected to be associated with microtubule 

structures such as the axoneme of the sperm flagellum. Surprisingly, in early round 
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spermatid steps, FuGFP staining correlates with the intercellular bridges between 

daughter spermatid cells. Knockout of TEX14 prevents the formation of the intercellular 

bridges in the spermatocytes, and leads to meiotic arrest (Greenbaum et al. 2006). Since 

the spermatids of Vasa-Fu mutants complete their development, Fu may play a redundant 

role in the function or construction of the bridges, or it may be an artifact of over-

expression. Fu is an ancient conserved protein; the homolog in the flowering plant 

Arabidopsis, Two-in-One (TIO), localizes to the phragmoplast midzone during plant 

cytokinesis and regulates its expansion (Oh et al. 2005, 2012). TIO binds Kinesin-12 and 

other microtubule-associated proteins (Lee et al. 2007). In addition, the Dyctiostelium 

homolog Tsunami (Tsu) also regulates chemotaxis through microtubule interactions 

(Tang et al. 2008). Therefore, it is possible that Fu has retained some of its ancient 

functions in cytokinesis through microtubule associations at the intercellular bridges. 

In condensing spermatids, FuGFP is detected in the acrosome-acroplaxome 

domain covering the apical end of the nucleus, and puncta can be detected in the 

perinuclear ring and the manchette microtubules. The perinuclear ring is initially formed 

adjacent to the acrosome-acroplaxome complex, which is itself bordered by a marginal 

ring and anchored to the nuclear envelope (Figure 4-5). The two rings are interlocked 

and both domains work together to shape the nucleus by shrinking in diameter as they 

travel posteriorly towards the head-tail coupling apparatus (Kierzenbaum and Tres 2004). 

When Fu is deleted from the sperm, the acrosome-acroplaxome and the manchette 

become disorganized, resulting in a misshaped sperm head. Examination of the head 

structure by electron microscopy reveals large perinuclear gaps, which may indicate a 

loss of tethering of the acrosome-acroplaxome complex to the nuclear plate or some other 
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defect in the microtubule-based transport of Golgi-derived vesicles to the acrosome. The 

manchette structure, clearly present by the rows of acetylated tubulin microtubules, is 

ectopic in some cells, and persists through the elongated spermatid stage. Aberrant 

manchette positioning has been observed in various knockout mice of microtubule 

transport proteins such as Hook1, a vesicle transport linker protein (Mendoza-Lujambio 

et al. 2002), its interacting protein RIM-BP3 (Zhou et al. 2009) and IFT complex B 

protein IFT88 (Kierszenbaum et al. 2011b). The manchette is a major transportation 

center for proteins destined for the flagellum. Coincidentally, -tubulin, a component of 

the intercellular bridges, also localizes to the perinuclear ring, from which extend rows of 

manchette microtubules (Kato et al. 2004). Therefore, Fu likely plays a role in the 

transport of cargoes along the manchette or in the organization of the microtubules.  

The nature of the interaction between Fu and the microtubules is as yet unknown. 

One possibility is that Fu interacts with specific tubulins as a means to regulate distinct 

processes in microtubule-based cargo transport. The microtubules in the elongating 

spermatid are composed of mostly 

by acetylation, polyglutamylation, etc. Some modifications such as acetylation or 

polyglutamylation may play a role in axoneme assembly and wave propagation (reviewed 

by Kierszenbaum 2002b). For example, polyglutamylated tubulin isoforms are detected 

in the proximal region of the flagellum and in the manchette, while monoglutamylated 

fractions are found in the distal end of the flagellum (Kann et al. 2003). By sorting 

different isoforms to specific intracellular domains, the microtubules can direct the 

trafficking of specific cargoes to their distinct destinations.  
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Fu interacts with the Costal2 homolog Kif27 in the perinuclear ring 

The Costal2 (Cos2) homolog Kif27 has been shown to interact with Fu in 

vertebrate cells (Wilson et al. 2009). Kif27 localizes to the perinuclear ring, the 

manchette and then over time translocates to the head-tail coupling apparatus (HTCA) in 

the neck region of the sperm. Intramanchette transport (IMT) theoretically involves the 

transport of cargoes from the cytoplasm to their respective destination using components 

found in intraflagellar transport (Kierszenbaum et al. 2002a, 2004). Multiple cargo 

trafficking proteins engage in IMT and follow a path similar to that of Kif27 through 

spermiogenesis (Figure 4-5). For example, the intracellular transport protein complex 

Dynactin and the vesicle cargo linker Hook1 both participate in vesicle cargo transport 

from the acroplaxome to the manchette and into the HTCA (Kierszenbaum et al. 2011a). 

As the manchette disintegrates, Kif27 relocates to the HTCA with other IMT proteins, 

possibly to stabilize the connecting piece.  

In Drosophila, Hedgehog (Hh) signaling induces Fu and its interacting protein, 

the kinesin Cos2, to move along microtubules to the signal transducer Smoothened (Smo) 

on the plasma membrane (Robbins et al. 1997; Sisson et al. 1997; Shi et al. 2011). It is 

conceivable that Fu has maintained its conserved interaction with Kif27 and functions in 

regulating the transport of specific cargoes within the manchette, such as the sperm 

flagellum accessory components. In support of this, we show that the Fu C-terminal 

regulatory domain can bind Kif27, similar to the Fu-Cos2 association, and both are found 

in the perinuclear ring during spermiogenesis (Ascano et al. 2002).  
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Fu regulates the spatial distribution of the accessory structures in the sperm 

flagellum 

Previously, we have shown that Fu is required for the construction or maintenance 

of the central pair doublet in motile cilia axonemes (Wilson et al. 2009). The central pair 

microtubules play important roles in motility by regulating the bending and shape of the 

flagellum beat (Omoto et al. 1999). The radial spokes attached to the central pair induce 

the dynein microtubule sliding activity (Smith and Sale 1992). Therefore, the finding that 

Vasa-Fu sperm have motility defects was not surprising. However, upon close 

examination of the flagellum by electron microscopy, the axoneme appears to be intact. 

Fu is therefore not required for central pair formation in the sperm axoneme. However, it 

is still possible that there is some structural defect in the axoneme central pair of Vasa-Fu 

that is not detected at the current level of microscopic resolution. In recent years, new 

protein complexes of the central apparatus substructures have been identified in 

Chlamydomonas that regulate dynein arm activity. Loss of these substructures in mice 

mutant axonemes is not easily detected (DiPetrillo and Smith 2010, Lee et al. 2008, 

Lechtrek and Witman 2007, Lechtrek et al. 2008). For example, loss of the Fu-interacting 

central pair protein Spag16L in the sperm did not result in any obvious axonemal 

malformations despite infertility due to motility defects (Wilson et al. 2009, Zhang et al. 

2006).  

Surrounding the axoneme, the sperm flagellum is covered with a thick membrane 

called the fibrous sheath. The sheath contains periaxonemal structures not present in 

motile cilia and is believed to provide protection, strength and flexibility for the flagellum 

(Eddy et al. 2003). The periaxonemal structures include the mitochondria, the outer dense 
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fibers and two longitudinal columns. The longitudinal columns are filamentous structures 

that extend from a thick plate surrounding the distal centriole (which later disintegrates in 

mice) into the flagellum, positioned next to the “8” and “3” axoneme microtubule 

doublets (Clermont et al. 1990, Eddy 2006). In proximal sections of Vasa-Fu flagella, the 

fibrous sheath is often distorted and fragmented. Furthermore, at least one additional 

column is present at a random location around the axoneme. The physical constraints of 

the added longitudinal columns and the compromised integrity of the fibrous sheath result 

in Vasa-Fu flagella that are unable to propagate a waveform.  Therefore, Fu functions in 

maintaining the organization of the axoneme and its accessory components. 

Few known mouse knockout phenotypes exhibit a disorganized arrangement of 

the longitudinal columns. In the Ube2b-null mice, both longitudinal columns are present 

but have lost their specific “8” and “3” positioning around the axoneme (Escalier et al. 

2003). The small pinhead-shaped structure, called the longitudinal column anchorage 

(LC-A), appears between a longitudinal column and its corresponding doublet prior to 

deposition of the fibrous sheath (Escalier 2003), raising the question of whether the 

anchors are positioned based on some signal from the axoneme. Ube2b is an ubiquitin-

conjugating enzyme in the ubiquitin-proteasome pathway that is known to be involved in 

the assembly of cytoskeletal components and the shedding of excess proteins from the 

sperm tail (review by Hou and Yang 2013). However, no direct interaction has been 

detected between Ube2b and Fu. Nonetheless, the aberrant appearance of an additional 

column could indicate that the defect originates from the priming of the axoneme itself, 

such as by post-translational modifications or specific protein interactions on the 
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microtubules. It is unknown whether Fu can interact with specific tubulins or isotypes, 

and this question will form the basis of future studies.  

In human cases of dysplasia of the fibrous sheath (DFS), abnormalities in the 

positioning of the longitudinal columns can sometimes be detected (Chemes and Sedo 

2012, Escalier and Albert 2006, Escalier 2003, Rawe et al. 2001, Serres et al. 1986, 

Pedersen and Rebbe 1975). The disease is likely to be heterogeneous; so far only a few 

genes have been identified in the human syndrome, such as Akap3 and Akap4, which are 

fibrous sheath proteins (Baccetti et al. 2005, Turner et al. 2001), and Ube2b (Suryavathi 

et al. 2008).  In cases of infertility due to sperm motility defects, fibrous sheath defects 

are often observed in a syndrome called dysplasia of the fibrous sheath (DFS).  

 

Fu interacts with the outer dense fibers 

There is some evidence that the outer dense fibers can control the extent of the 

tubulin post-translational modifications along the length of the flagellum (Huitorel et al. 

2002, Prigent et al. 1996). One of the main components of the outer dense fibers, Outer 

Dense Fibers 1 (ODF1) has been demonstrated to bind the Fu kinase domain, and may be 

a substrate. Indeed, various kinases and phosphatases function on the outer dense fibers 

to regulate the development, capacitation and motility of the flagellum (Signorelli et al. 

2012, Fardilha et al. 2011, Visconti et al. 2011). The serine-threonine kinase Cdk5/p35 

phosphorylates ODF1, which enhances its binding to OIP1, a putative E3 ubiquitin ligase 

in the sperm tail (Rosales et al. 2004; 2007). Protein Kinase A (PKA) and PKA anchoring 

proteins (AKAPs) are abundant in the fibrous sheath and regulate sperm motility (Luconi 

et al. 2004). Defective assembly and activity of the outer dense fibers leads to disrupted 
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tail formation in the knockout mice (Miki et al. 2002, Yang et al. 2012). Identifying the 

genes involved in DFS will provide a clue in how the fibrous sheath is assembled 

together with the Fu protein. 

The effect of various ciliopathies on the reproductive capabilities of human 

patients has not been explored at length. Patients with Immotile Cilia Syndrome (also 

known as Primary Ciliary Dyskinesia) have symptoms associated with motile cilia 

defects such as bronchiectasis and hydrocephalus; in addition, many male patients are 

infertile due to impaired sperm tail function (Afzelius and Eliasson 1983, Munro et al. 

1994). The syndrome is commonly heterogeneous, with the most common mutations 

found in the outer dynein arm genes (Zariwala et al. 2011). However, many more 

ciliopathy genes are being identified that play a role in the function of motile cilia. 

Human Fu mutations have not been reported in the spectrum of Immotile Cilia Syndrome 

(ICS), but any mutations would likely result in typical Primary Ciliary Dyskinesia 

symptoms including incidence of infertility in males. Understanding the development of 

the spermatozoa, including its composition and the molecular mechanisms underlying the 

cytoskeletal changes, will benefit the study and treatment of infertility and birth control. 
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MATERIAL  AND METHODS 

Animal Husbandry 

All mice were handled in accordance to the animal care policies of the UCSF 

Institutional Animal Care and Use Committee.   

Molecular Biology 

Molecular cloning, genomic DNA preparation, PCR, and Southern analysis were 

performed as previously described (Sambrook and Russell 2001, Nagy et al. 2003). 

Fu-Flag, Fu-3xFlag, Fu-3xMyc, Fu N-4xFlag, Fu C-4xFlag, Vasa/Fused-eGFP, Odf1-

3xMyc, Odf1-3xFlag, Kif27-3xMyc, Kif7-3xMyc, Vasa/Kif27-eGFP, Ube2b-3xFlag, 

Hook1-3xMyc were constructed using standard molecular biology techniques and as 

previously described (Wilson et al. 2009). Constructs were cloned into pcDNA3 

(Invitrogen) for mammalian expression. 

Generation of transgenic mice 

A conditional allele of Fused was described in Chen et al. (2005).  A germ cell 

specific null-allele of Fu was subsequently produced by crossing heterozygous (Fu(lox), 

or Fuc/c) mice with Vasa-Cre; Fuc/+, inducing Cre-mediated recombination and excision 

of the sequences between the two loxP sites. The Vasa-Cre vector was a gift from the 

Castrillon lab (Gallardo et al. 2007). The construct was used to generate a transgenic 

Vasa-Cre line.  
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To generate transgenic mice expressing Fu-eGFP and Kif27-eGFP under the Vasa 

promoter, the Vasa promoter sequence was cloned from the Vasa-Cre vector and inserted 

upstream of the Fu-eGFP and Kif27-eGFP open reading frame sequence. The entire 

cassette was released with restriction site enzymes and used to generate transgenic mice 

by microinjection. 

 

Histology and In Situ Hybridization 

Histological analysis and section in situ hybridization using 33P-labeled 

riboprobes were performed as described (Chen et al. 2005).  

 

Spermatozoa preparations 

Spermatozoa were collected from the cauda epididymis and washed in PBS, 

centrifuged at 3000g for 5 min, spread on a slide and dried overnight at room temperature. 

Slides were stored at -80 C.  

 

Isolation of spermatid nuclei 

Sonication-resistant nuclei of spermatids were collected using a protocol 

described in Zhou et al. (2009). Briefly, mouse testes were dissected and decapsulated in 

PBS. They were then homogenized in water, on ice, with protease inhibitors (Roche), 

using a glass and Teflon Dounce homogenizer. The tissues were sonicated for six minutes, 

alternating on and off for 15s each. The homogenized mixture was passed through a 
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hemacytometer.  

 

Drying-down preparations 

Protocol was modified from Sironen et al. 2010. Briefly, testes from an adult 

mouse were dissected and decapsulated in PBS. Tubule segments were cut and pressed 

with forceps to release the cells in a small amount of 30% sucrose/PBS solution. The cell 

suspension was spread on a slide dipped in 1% paraformaldehyde, 0.15% Triton X-100 

(pH 9.2). Slides were dried overnight in a humid box, before storing at -80 C. 

 

Spermatozoa motility assay  

Mouse testes and epididymides from 2-month-old males were dissected and 

weighed. Epididymal spermatozoa were collected from mice by squeezing the cauda 

epididymis with forceps in 2 ml warm human tubal fluid (HTF) medium (101.6mM NaCl, 

4.69 mM KCL, 0.20mM MgSO4, 0.37mM KH2PO4, 2.04mM CaCl2, 25mM NaHCO3, 

2.78mM Glucose, 0.33mM Sodium pyruvate, 21.4mM Sodium lactate, 100 U/ml 

1985) (Luconi et al. 2005).  The medium was gently stirred and left to capacitate in a 5% 

CO2 incubator at 37 C for 15 minutes. 0.5ml of the medium was transferred into an 

Eppendorf tube and counted for motility and progressivity using a hemacytometer. To 

count the total number of spermatozoa in a sample, the tube was placed in a 60 C bath for 

3 minutes to incapacitate and left to cool to room temperature before counting. 

Alternatively, capacitated spermatozoa were filmed on a pre-warmed slide, using DIC 
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microscopy on a Nikon TE200E inverted microscope equipped with a 10x or 20x water 

immersion objective, 1.5x zoom adaptor, CCD camera and an incubator set at 37 C and 

5% CO2. Individual spermatozoa were tracked using the NIH ImageJ tracker plugin or 

traced using Adobe Illustrator. 

 

Transmission Electron Microscopy (TEM) 

Mouse testes and epididymides were fixed and processed for electron microscopy 

as described previously (Wilson et al. 2009). Tissues were fixed in 3% 

glutaraldehyde/1% paraformaldehyde/0.1M sodium cacodylate, pH 7.4 at 4 C overnight.  

 

Cell Culture, Transfections, Western Blot Analysis and Immunoprecipitation 

HEK293T cells were maintained in DMEM supplemented with 10% FBS, 

penicillin/streptomycin and L-glutamate. Cells were transfected with Lipofectamine 2000 

(Invitrogen) according to the manufacturer’s instructions. 48hr post-transfection, cells 

were harvested and lysed on ice in lysis buffer (1% Triton X-100, 150mM NaCl, 50mM 

Tri-Cl pH 7.5, 1mM EDTA, complete Protease Inhibitor Cocktail tablets from Roche) for 

30 min at 4 C.  Lysates were clarified by centrifugation at 20000g for 15 min at 4 C. The 

supernatant was transferred and bound to 30 l anti-FLAG M2 or Myc (9E10) agarose 

beads (Sigma) equilibrated in lysis buffer. Samples were rocked overnight at 4 C. Beads 

were washed in lysis buffer and 2X sample SDS buffer was added. Immunoprecipitated 

proteins were analyzed by 7.5-10% SDS-PAGE and transferred to nitrocellulose 

membranes for immunoblotting. Primary antibodies used were rabbit anti-FLAG (Sigma, 
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1:2000) rabbit anti-Myc (Sigma, 1:2000) and rabbit anti-GFP (Santa Cruz 1:2000). 

Secondary antibodies used were donkey anti-rabbit HRP (Jackson ImmunoResearch, 

1:4000) or IRDye 800CW goat anti-rabbit (Odyssey LI-COR Biosciences 1:10000). 

 

Immunofluorescence 

Frozen and paraffin sections of mouse testes were prepared as described (Chen et 

al. 2005). Dry-down and spermatozoa preparations were also used. Samples were fixed in 

4% paraformaldehyde for 10 min, permeabilized in 0.5% Triton X-100/PBS for 15 min, 

and blocked for 1-2 hr in blocking solution (3% BSA and 0.02% Triton X-100 in PBS). 

Standard procedures were used for immunostaining (Ausubel et al. 2003). Primary 

antibodies used were mouse anti-acetylated- -tubulin (Sigma, 1:500), mouse anti- -

tubulin (Sigma, 1:500), chick anti-GFP (Abcam 1:500) and rabbit anti-STK36 (1:50 

Proteintech).  Secondary antibodies used were donkey anti-mouse AlexaFluor594 

(Molecular Probes, 1:2000), donkey anti-mouse AlexaFluor488 (Molecular Probes, 

1:2000), and donkey anti-chicken AlexaFluor488 (Molecular Probes, 1:2000).  

Confocal images were acquired with a Leica TCS SPE laser scanning confocal system. 

Confocal stacks were collected using a 0.25 m – 0.5 m step size along the z-axis. NIH 

ImageJ was used for image analysis. 
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FIGURE LEGENDS 

 

Figure 4-1: Mouse testes with conditional deletion of Fused in the germ cells exhibit 

normal gross morphology.  

(A-F) Isotopic in situ hybridization using 33P-UTP-labeled riboprobes (pink) derived from 

Fu, Kif27, Spag16 on paraffin sections of wild-type (A,C,E) and Vasa-Fu (B, D, F) 

mouse adult testes. Fu, Kif27, Spag16 are all expressed in the germ cells populating the 

seminiferous tubules. (A, B) Fu is deleted in the testes under the expression of the germ 

cell-specific mouse Vasa promoter. (C-F) Kif27 and Spag16 expressions are unaltered in 

the absence of Fu in the testes. 10x magnification. (G, I) Hematoxylin and eosin stained 

sections of testes from wild-type and Vasa-Fu adult mice. The seminiferous tubules are 

morphologically normal in both testes, and are populated by germ cells and Sertoli nurse 

cells. Large apoptotic cells can be observed occasionally in Vasa-Fu seminiferous tubules 

(arrow). 20x magnification. (H, J) Hematoxylin and eosin stained sections of cauda 

epididymis from wild-type and Vasa-Fu adult mice.  The cauda epididymis stores mature 

spermatozoa and appears morphologically normal in both tissues. A decrease in 

spermatozoa density can be detected in Vasa-Fu cauda epididymis. 40x magnification. 

 

Figure 4-2: Vasa-Fu spermatozoa have perturbed head morphology. 

(A, B) Phase contrast images of mature spermatozoa derived from the cauda epididymis 

of wild-type and Vasa-Fu mice. Vasa-Fu flagella are of normal length, and all main 

structures (head, midpiece, flagellum) are present. 20x magnification. Inset shows 

immunofluorescence of nuclear spermatozoa heads stained with DAPI (blue). 100x 
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magnification. The Vasa-Fu sperm head is elongated and lacks the characteristic hook 

shape of mouse spermatozoa heads. (C, D) Hematoxylin and eosin stained spermatozoa 

derived from the cauda epididymis of wild-type and Vasa-Fu adult mice. The nucleus 

stains blue. Note the extension of the cytoplasm above the head of the Vasa-Fu sperm.  

100x magnification. 

 

Figure 4-3: Vasa-Fu spermatozoa acrosomes are partially detached from the 

nucleus. 

(A, B) Transmission electron micrographs of epididymal sperm. (A) Wild-type sperm 

heads show tight association between the nucleus (electron dense black material) and the 

acrosome cap (dark grey). (B) Sperm head from Vasa-Fu testes has a large gap (arrow) 

between the nucleus (black) and the acrosome cap (dark grey).  Scale =  square. 

 

Figure 4-4: Vasa-Fu spermatids show disturbed manchette formation. 

(A-D) Dry down and immunostaining of wild-type germ cells derived from the testes at 

various stages of spermiogenesis (steps 8-16 shown). The manchette (asterisk) is a 

microtubule-based structure marked by anti-acetylated tubulin antibodies (green). The 

nucleus is stained with DAPI (blue). The manchette appears during the elongation phase 

(steps 8-12) to shape the nuclear head and store proteins. It disappears after step 16 of 

spermiogenesis when the spermatozoon sheds its cytoplasmic material and is ready to 

move out into the lumen of the seminiferous tubules. The flagellum is marked by 

acetylated tubulin (red, D,I,J). (E-H) Dry down and immunostaining of Vasa-Fu germ 

cells derived from the testes at similar stages. A manchette structure appears around the 
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nucleus (E) but it is disordered throughout spermiogenesis (G). The disorganization of 

the manchette structure leads to an accumulation of microtubules and defective nuclear 

head shaping (H). No manchette-like structure is seen in mature spermatozoa of either 

wild-type or mutant mice (I, J A-H I,J). 

 

Figure 4-5: Spermatid head shaping by intracellular trafficking systems 

Figure is adapted from Kierszenbaum et al. 2011a. Schematic representation of the early 

spermatid elongation step. Not to scale. The Sertoli cell (orange) surrounds the apical 

section of the spermatid nucleus through F-actin based hoops and stabilizes the 

elongating spermatid. The trans-Golgi network (blue) of the spermatid generates 

proacrosomal vesicles that are transported to the acroplaxome (dark purple) by both 

actin and microtubule-based motors. The vesicles fuse and contribute to the acrosome cap 

(dark blue) covering the distal end of the spermatid nucleus. The acroplaxome is a 

cytoskeletal plate between the acrosome and the nuclear envelope bordered by a marginal 

ring (purple). The transient manchette contains rows of microtubules (green) that extend 

caudally from the perinuclear ring and support a microtubule-based transport system 

called intramanchette transport (IMT). The perinuclear ring of the manchette is 

positioned adjacent to the marginal ring of the acroplaxome. The spermatid head is 

elongated and shaped by the clutching forces of the acroplaxome and the perinuclear ring. 

The perinuclear shrinks in diameter and translocates to the head-tail coupling apparatus 

(HTCA - grey) at the opposite end of the nucleus. The HTCA connects the spermatid 

head to the flagellum axoneme. Intraflagellar transport (IFT) supports the extension of 

the axoneme.  
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Figure 4-6: Vasa-Fu sperm flagellum cannot propagate a waveform 

(A) (Left) Still from a movie clip depicting a capacitated wild-type sperm beating in 

place to detect bending in the flagellum. (Right) Traces of the flagellum drawn and 

superimposed at each interval (movie taken at approximately 3.2fps). The flagellum 

initiates bending at the base of the head and propagates it through the tail at high 

frequency and amplitude. (B) (Left) Still of a motile Vasa-Fu sperm. (Right) Flagellum 

traces superimposed and drawn at each interval (movie taken at approximately 2fps). The 

flagellum can barely initiate a bend but it does not propagate. The sperm does not 

advance from its original location. 

 

Figure 4-7: Testicular Vasa-Fu sperm flagella have periaxonemal abnormalities. 

(A) The mouse sperm has five segments: head, connecting piece, flagellum midpiece, 

principal piece and end piece (Fawcett 1975.) The head of the sperm includes the 

condensed nucleic material and the acrosome cap, which contains enzymes to break 

down the outer membrane of the ovum.  The head is connected to the flagellum by a 

connecting piece, from which nine outer dense fibers (ODFs) originate from the head-tail 

coupling apparatus (HTCA) and extend into the flagellum (Irons and Clermont 1982.)  

The flagellum extends from the base of the head and is characterized by a “9+2” 

motile axoneme of nine microtubule doublets surrounding a central pair. Each doublet 

surrounding the central pair is numbered clockwise starting with the doublet on the plane 

that bisects the central pair (Eddy 2006.) The midpiece contains rows of mitochondria 

that surround the ODF and the axoneme. The main function of the mitochondria is to 
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power the propulsion of the sperm cell by alternately bending the dynein arms in the 

axoneme. The distal end of the midpiece is marked by the presence of an annulus ring 

that form a septin-based barrier between the mid- and principal pieces (Kwitny et al. 

2010.) Each ODF surrounds an axonemal doublet in the midpiece and extends 

approximately 60% of the length of the principal piece (Baltz et al. 1990.) The principal 

piece makes up approximately 2/3 of the flagellum and is covered by a membrane called 

the fibrous sheath (FS), which is believed to protect the flagellum from shearing forces. 

The fibrous sheath contains two longitudinal columns (LC) along its length, each 

replacing an ODF on opposite sides of the central pair microtubules (at microtubule 

doublet positions 8 and 3).  

The longitudinal columns are associated with a specific microtubule doublet 

through a longitudinal anchor (LC-A, in red.) The columns are connected by keratinous 

circumferential ribs and are believed to maintain the structural integrity of the flagellum, 

the plane of flagellar motion and the waveform of the beat (Eddy et al. 2003). The 

periaxonemal structures provide stability and strength to the flagellum but may also 

provide additional roles in signaling. The diameter of the flagellum decreases distally 

along its length and the keratinous ribs become less prominent. The end piece lacks the 

periaxonemal structures and tapers the end segment of the flagellum, possibly to end in 

propulsion (Serres et al. 1984.)  (B) Transmission electron micrographs of adult mouse 

testes sperm. From left to right: (a-c, f-h) principal piece cross sections of sperm flagella, 

(d-e, i-j) end piece cross sections. Vasa-Fu sperm have various defects along the length of 

the flagellum: (f, g) large gaps and vesicles are observed in the transverse ribs of the 

fibrous sheath with some unidentified material within (red asterisks). In principal piece 
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sections (h, i, j), an additional longitudinal column (arrows) is detected surrounding the 

axoneme. They are characterized by dense electron material anchored to a microtubule 

 (C) Distribution of longitudinal columns (LC) and 

longitudinal column anchorages (LC-A) in Vasa-Fu flagella derived from the testes and 

epididymis. Arrow points to the LC-A (small dot); the LCs are the speckled grey 

material between the LC-A and the membrane. The numbers refer to the position of the 

LC surrounding the axoneme (see A). The distribution pattern percentages differ from 

mouse to mouse (Data not shown); approximately 5% of axonemes measured had two 

additional longitudinal columns  

 

Figure 4-8: FuGFP and Kif27GFP are located in various microtubule organizing 

centers of the developing sperm 

(A) Confocal immunofluorescence of testes cells derived from Vasa-FuGFP transgenic 

mice, where FuGFP is expressed under the Vasa germ cell-specific promoter. Cells were 

dried down on slides and stained with antibodies against anti-GFP (green) and anti-

acetylated tubulin (red). The nucleus was stained with DAPI (blue). FuGFP signal is 

found in all post-meiotic stages of spermatogenesis, starting with spermatocytes (a) 

where GFP signal is cytoplasmic. In round spermatids (b, c), FuGFP can be seen in 

intercellular bridges (arrowheads), which connect the cytoplasm of multiple germ cells 

together, and on the distal end of the nucleus where the acrosome will form (asterisk). 

The localization of the intercellular bridges persists through the elongation steps of 

spermiogenesis. In elongating spermatids (d-g), FuGFP is found in the manchette 

(arrow), the perinuclear ring, acrosome cap and the cytoplasm. Elongated and 
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spermiating spermatids (g, h) have faint signal in the residual bodies that will be 

discarded once the spe (B) Confocal immunofluorescence of 

testes cells derived from Vasa-Kif27GFP transgenic mice. GFP signal is initially found 

broadly in the cytoplasm of spermatocytes (a), then round spermatids (b). In elongating 

spermatids, specific signal is located in the manchette and particularly along the 

perinuclear ring (arrows) that borders it (b-e). Kif27GFP then migrates to the head-tail 

coupling apparatus (HTCA – asterisk) (f,g) in elongated spermatids. Kif27GFP staining 

is also found in the cytoplasm and the residual bodies (arrowhead) that are later 

(C, D) Mature sperm derived from the cauda epididymis have 

 

 

Figure 4-9: FUGFP and KIF27GFP in spermiogenesis. 

Schematic diagram illustrating the localization of FuGFP and Kif27GFP during 

spermiogenesis. Not to scale. The round spermatids present in steps 6 and earlier are 

characterized by the round shape of the nucleus. FuGFP is found in the intracellular 

bridges on the plasma membrane of round spermatids. The bridge signal persists through 

late spermiogenesis. Meanwhile, Kif27GFP demarcates the perinuclear ring of the 

manchette. As the spermatid elongates and the chromatin condenses, both FuGFP and 

Kif27GFP are found in the manchette, the perinuclear ring and the acrosome-

acroplaxome complex on the apical end. As the acrosome-acroplaxome shrinks the 

nuclear envelope, the perinuclear ring translocates to the base of the flagellum. In fully 

elongated spermatids, the manchette disappears and only Kif27GFP is found in the head-

tail coupling apparatus (HTCA – red arrow).  After spermiation, no strong GFP signal is 
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detected in the spermatozoa for either FuGFP or Kif27GFP. Some faint staining can be 

detected in residual bodies, which are usually discarded in transit to the epididymis. 

 

Figure 4-10: Fu interacts with the heat-shock family protein Odf1.  

(A) Fused interacts with Odf1 through the Fu kinase domain. Odf1MYC was pulled down 

from immunoprecipiated FuFLAG and from the Fu deletion mutant Fu -Flag (Fu FLAG) 

that lacks the C-terminal regulatory domain. However, Odf1MYC cannot be pulled down 

from the Fu deletion mutant lacking the kinase domain, Fu -Flag (Fu FLAG).  (B) 

Fused and Odf1 immunoprecipitate each other in overexpressed cell lysates. Western blot 

of immunoprecipitated Fu-3xFlag (FuFLAG) to detect interaction with Odf1-3xMyc 

(Odf1MYC) from HEK293T cell lysates. Odf1MYC can be pulled down when FuFLAG is 

immunoprecipitated with anti-FLAG agarose. Immunoprecipitated Odf1-3xFlag 

(Odf1FLAG) can also pull down Fu-3xMyc (FuMYC) from HEK293T cell lysates. In a 

control experiment, Odf1FLAG cannot pull down SufuMYC (data not shown). (C) FuFLAG 

cannot pull down Ube2b-3xFlag (Ube2bFLAG), an ubiquitin-conjugating enzyme found in 

sperm, nor Hook1, a manchette protein. 

 

Figure 4-11: Fu regulatory domain interacts with Kif27.  

Fused interacts with Kif27 in vivo in the testes, through the Fu regulatory domain. 

Kif73xMYC or Kif273xMYC was detected on Western blots from immunoprecipiated FuFLAG. 

FuFLAG can interact with Kif273xMYC but not Kif73xMYC, nor Fu FLAG. This indicates that 

Fu binds to Kif27 through the Fu C-terminal regulatory domain.   
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Figure 4-12: Endogenous STK36 antibody staining of developing spermatozoa. 

(A) Confocal immunofluorescence of testes cells derived from wild-type mice. Cells 

were dried down on slides and stained with antibodies against anti-STK36 (green) and 

anti-acetylated tubulin (red). The nucleus was stained with DAPI (blue). STK36 signal is 

weak but specific staining can be detected in round spermatids intercellular bridges 

(arrowheads) (b,c). In elongating spermatids (d-i), STK36 is found in the manchette 

(arrow) and the perinuclear ring (g). Elongated and spermiating spermatids (k,i) have 

some staining near the base of the flagellum but does not appear to be the HTCA. Scale = 

 square. (B) Dry down and immunostaining of Vasa-Fu germ cells derived from the 

testes. STK36 staining is no longer specific and restricted to background signal. Scale = 

square. 

 

Figure 4-13: Epididymal Vasa-Fu sperm flagella have periaxonemal abnormalities. 

Transmission electron micrographs of adult mouse cauda epididymis sperm. Sections 

progress distally in the principal piece (from left to right). The fibrous sheath is often 

distorted in the principal piece.  

 

Figure 4-14: Kif27GFP and FuGFP are detected in the germ cells of the testes  

(A,B) Immunofluorescence of sections derived from postnatal day 23 mice (P23) with 

GFP (green), acetylated tubulin (red) and DAPI (blue). The GFP staining is variable in 

both Vasa-Kif27GFP (A) and Vasa-FuGFP (B) sections. However, fluorescence is 

clearly restricted to the germ cells. 20x magnification. (C, D) Immunofluorescence of 

adult mice stained with GFP. All stages of spermatogenesis are visible. GFP staining is 
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broadly visible in spermatocytes and spermatids of both Vasa-Kif27GFP (C) and Vasa-

FuGFP (D), but drops abruptly in spermiating cells. 40x magnification. 
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Summary 

 The cilia and flagella of metazoans are diverse and specialized. For the past 

decade, genetic dissection of Chlamydomonas reinhardtii has provided our knowledge of 

flagella construction. However, the model organism is not suited for the study of 

developmental processes involving cilia. In this dissertation, we used mouse transgenic 

models to investigate the formation of cilia and flagella in specialized tissues and the 

physiological outcomes of ciliary dysfunction. 

In Chapter II, the various mechanisms by which the primary cilium supports the 

Hedgehog (Hh) signaling pathway were presented. Multiple components of the vertebrate 

Hh pathway can be detected in the primary cilium, such as the receptor Patched1 (Ptc1), 

the signal transducers Smoothened (Smo) and Gli2/3 proteins. Cilium trafficking is 

regulated by a number of protein networks such as a diffusion barrier at the base of the 

cilium, transition zone proteins and the BBSome complex. Furthermore, disruption of the 

intraflagellar transport (IFT) complexes A and B leads to altered Hh signaling. Various 

regulators of the Hh pathway also rely on the primary cilium for their function, such as 

the negative regulator Protein Kinase A (PKA). Current studies continue to shed light on 

the dynamics, modifications and trafficking of the Hh components by ciliary proteins 

within the primary cilium.  

In mammals, the orthologs of Drosophila Hh signaling transducers Fused (Fu) 

and the kinesin Costal2 (Cos2) are expressed in motile ciliated tissues. In Chapter III, the 

roles of the putative serine-threonine kinase Fu and the Cos2 ortholog Kif27 were 

described in the mouse oviduct. We demonstrate that Fu is required for the uniform 
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orientation of the motile cilia and the construction of the central pair doublet of the 

axoneme. Loss of Fu expression in the oviduct results in dysmotile cilia and absence of 

directed movement of fluid in the oviduct lumen. Since oviductal cilia cooperatively 

induce the transport of the ovum from the ovary to the uterus, loss of Fu has possible 

consequences for the fertility of the organism. Both Fu and Kif27 localize to distinct 

regions in the motile cilia of the trachea and the oviduct. Fu is broadly present in the 

cytoplasm, but in overexpressed cells can be detected along the shaft of motile cilia (but 

not primary cilia). Kif27, on the other hand, is specific to a region between the basal body 

and the transition zone of cilia. In addition to Kif27, Fu also physically associates with 

the central pair proteins Spag16 and Pcdp1. Taken together, the data suggest that Fu has a 

conserved role in central pair construction of motile 9+2 cilia.  

Spermiogenesis is a complex process involving chromatin condensation, vast 

cytoskeletal reorganization and flagellum assembly. In Chapter IV, an unexpected role of 

Fu and Kif27 in the shaping of the developing spermatid is described. Loss of Fu in the 

sperm results in a disordered head structure and the dysplastic formation of the fibrous 

sheath surrounding the flagellum axoneme. However, the axoneme itself appears normal 

with proper arrangement of doublets and dynein arms. The phenotype is explained by the 

discovery that Fu and Kif27 are closely associated with the microtubule-based transport 

system of the manchette. The manchette assists in the elongation of the nucleus and tail 

formation. Therefore, Fu is not required in the assembly of the axoneme but may play a 

role in the shaping of the head and the transport of periaxonemal structures to the 

flagellum.  
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  The data gathered in this dissertation provide important clues about the 

construction and/or maintenance of the central pair doublets of motile cilia and the 

stepwise assembly of the sperm tail. However, many questions remain unanswered such 

as the molecular mechanisms by which Fu and the central pair proteins interact in the 

axoneme or the identity of the Fu kinase substrate. In the following section, I will discuss 

the implications of Fu roles in intracellular trafficking and future directions.  

 

Fu roles in central pair apparatus formation 

Unlike the outer axoneme microtubule doublets, the central pair does not have a 

template in the centriole from which to nucleate. The method of central pair microtubule 

formation may be distinct from that of the outer pairs. For example in the sperm 

flagellum, after nucleating the entire axoneme from the distal tip, the central pair 

microtubules extend away from the site of synthesis into the capitulum on the proximal 

end (Fawcett 1975). This indicates that the absence of a template allows the microtubules 

to extend bidirectionally. Nonetheless, the central pair apparatus in cilia does not extend 

below the basal plate. At the distal end of the mother centriole of motile cilia, the basal 

plate contains an electron dense region that synthesizes the central pair from the 

components within. As evidence, -tubulin (Silflow et al. 

1999).  Moreover, the conserved basal plate proteins SAS6 and SAS4 can form 

aggregates and extend filaments when overexpressed in non-ciliated cells, not unlike 

those seen in deuterosomes (Kuriyama 2009). Although it is unknown whether Fu 

localizes to the basal plate, its interacting protein Kif27 is found in between the 
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localization of the transition zone marker MKS1 and the basal body. It is possible that 

Kif27 acts at the level of the basal plate on the distal end of the mother centriole to assist 

in the nucleation of the central pair microtubules. In addition, the Fu kinase domain 

interacts with the central pair proteins Spag16 and Pcdp1 and the Fu protein may act as 

kinase to regulate their entry. Alternatively, Fu acts on the completed central pair as a 

maturing step in their construction and maintenance. As detailed in Chapter I, numerous 

mechanisms allow the cilium to control the composition within the ciliary membrane 

such as IFT, Septin barriers, and BBS regulation. Fu/Kif27 may function within one of 

these machineries to assist in the construction of the motile cilium. 

 The difference between cilia and flagellum assembly lies in the microenvironment 

in which the centriole extends their axoneme. Motile cilia attach to a vesicle and bud the 

axoneme within by IFT. The sperm flagellum docks onto the nuclear envelope and begins 

synthesizing the axoneme in the cytosol, perhaps lessening the need for IFT in the initial 

steps since the centrioles are more accessible for modifications. Fu/Kif27 roles may have 

been co-opted for intramanchette transport to control the movement of specific proteins 

to the flagellum axoneme in a manner analogous to cilium entry regulation in motile cilia. 

However, it is also possible that Fu/Kif27 still acts on the developing axoneme 

microtubules and contributes to the distribution of distinct isoforms along the manchette 

and flagellum with consequences in periaxonemal assembly and motility. Future analysis 

of Fu substrates and of microtubule-binding properties of Kif27 will distinguish between 

the different models. 
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Fu is a serine-threonine kinase in diverse processes 

Despite the persistent conservation of the kinase domain, Fu kinase activity has 

not been conclusively detected in mammals. We have used indirect approaches such as 

forced dimerization for transactivation (based on fly studies of Fu), phospho-

serine/threonine antibody markers and phos-tag gel assays with limited success. In 

addition, we have recently begun collaborating with the Jura laboratory to purify Fu 

protein in a bacterial expression system and measure kinase activity in colorimetric 

assays. Eventually, a crystal structure may be derived, which would provide useful data 

in the study of serine-threonine kinases.        

 Fu function may not be restricted to cilia and flagella formation in mammals. In 

early mouse embryogenesis, Fu expression can be detected as early as 10.5 days post 

coitus (dpc), prior to the differentiation of ciliated tissues (Chen et al. 2005). Therefore, it 

is possible that Fu plays a distinct role in early development. Even in Drosophila, Fu 

function is not restricted to the Hh pathway. In the fly ovary, the fate of germ line stem 

cells is partly regulated by Fu in complex with the E3 ligase Smurf (Xia et al. 2010, 

2012). The complex induces ubiquitination and degradation of the BMP receptor 

Thickveins (Tkv), which in turn produces a gradient of BMP activity between the germ 

stem cells and the differentiating daughter cells. 

pathway may be conserved in vertebrates. The study by Xia et al. (2010) shows that Fu 

interacts with both SMURF and ALK3, a BMP type I receptor, in human cell culture. In 

addition, Fu can rescue dorsoventral patterning defects caused by manipulations of the 

Nodal/BMP pathways in zebrafish morphants. Nonetheless, the mouse Fu mutant 

phenotype is largely restricted to the ciliated tissues and any Fu roles in early 
152



development may be redundant. These studies further illustrate the co-option of 

individual signaling molecules in distinct processes. For example, various kinases have 

been identified to regulate the mammalian Hh pathway. One of these, the serine-

threonine kinase ULK3, has a similar sequence to Fu and functions in the regulation of 

the Gli proteins through Suppressor of Fused (Sufu) in the Hh pathway (Maloverjan et al. 

2010a,b).  Similarly, Drosophila Fu forms a complex with Sufu and the Gli ortholog 

Cubitus interruptus (Ci) and regulates Ci processing and activity (Zhang et al 2011). 

Therefore, ULK3 is a viable homolog of Drosophila Fu in the mammalian Hh pathway.   

 

Identification of novel Fu-protein interactions 

 To uncover the network of proteins in which Fu and Kif27 function, the 

significant protein-protein interactions must be identified. The expressions of Fu and 

Kif27 are tissue-specific; therefore cells must be derived from ciliated tissues to identify 

interacting proteins. To this end, transgenic mouse lines under the ciliated cell 

differentiation promoter of FoxJ1 and the germ cell specific promoter of Vasa will be 

constructed to enable the extraction and concentration of both Fu and Kif27 proteins 

tagged with FLAG epitope from ciliated cells and spermatozoa. Protein complexes pulled 

down by immunoprecipitation will be analyzed by mass spectrometry. Preliminary results 

of cells derived from the testes suggest that both Fu and Kif27 interact with specific 

components of the manchette transport system and the fibrous sheath (data not shown). 

These experiments will further enable us to characterize the molecular differences 
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between cilia and flagella assembly and provide substrate candidates for Fu kinase 

activity.   

We have used the candidate gene approach to identify Spag16, Pcdp1 and Odf1 as 

interacting proteins of Fu. Comparative approaches have been used to understand the 

molecular mechanism of Fu activity in in Arabidopsis thaliana (Oh et al. 2012), 

Dictyostelium discoideum (Tang et al. 2008), and Drosophila melanogaster (Shi et al. 

2011). However, none of the species or tissues studied has 9+2 motile cilia. Studying the 

function of Fu in a ciliated context will contribute to our understanding of the evolution 

of Fu activity. For instance, the flagellated eukaryote Chlamydomonas contains poorly 

characterized Fu and Kif27 orthologs (Wilson et al. 2009). In addition, Drosophila sperm 

flagella contain 9+2 axoneme, but it is unknown whether Fu/Cos2 participate in fly 

spermatogenesis.  

The manchette and the mammalian 9+2 axoneme both contain IFT proteins that 

participate in flagella or cilia construction. So far, no direct evidence points to Fu/Kif27 

directly interacting with IFT in cilia or flagellum construction. Nonetheless, Kif27 

localization in the manchette coincides with that of IFT88 (Kierszenbaum et al. 2011). 

Interestingly, Drosophila spermiogenesis occurs within the cytosol and no IFT is used in 

this process (Fabian and Brill 2012). Indeed, IFT is not required for the formation of a 

flagellum. For example, IFT is absent in the flagellated parasite Plasmodium falciparum. 

Comparison of the Fu ortholog in Plasmodium with that of another flagellated protozoa 

such as Trypanosoma bruceii, which has IFT proteins, could be informative in 

understanding the ancestral function of Fu/Kif27 in IFT-dependent and independent 

processes (Briggs et al. 2004).  
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Fu in human disease 

 Human Fused is located on chromosome 2q35. While no mutations in the 

Fu gene have been reported in human Primary Ciliary Dyskinesia (PCD) patients, we 

speculate that human patients carrying Fu mutations would exhibit a spectrum of 

phenotypes similar to those in Fu mutant mice (Zariwala et al. 2011). Consistent with this, 

human PCD patients with central pair defects in motile cilia were reported to exhibit 

infertility (Halbert et al., 1997). Genome-wide linkage analysis may be used to identify a 

Fu-containing chromosomal loci involved in Primary Ciliary Dyskinesia. If human 

mutations are discovered in the Fu loci, Fu will belong to the growing list of kinases 

implicated in PCD (Mata et al. 2012, Duriez et al. 2007). Mapping and sequencing Fu 

mutations in PCD patients will not only formally establish Fu mutations as a cause of 

human PCD but will also provide new insight into the pathophysiology of PCD and cilia 

biology. 
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