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Abstract 

Overlooked for decades as an evolutionary vestigial organelle, the primary cilium has 

recently become the focus of intensive investigations into understanding of the physical 

structure and processes of eukaryote cell function. The cilium is central to various signalling 

pathways and modalities for signalling, allowing centrosomal processing and regulation of 

cellular and organelle function. The enigmatic process of their nanoscale ciliogenesis and 

sensory function at present remain poorly understood. Dysfunction of their normal function or 

component proteins correlates with a wide spectrum of diseases, or ciliopathies, which 

express as developmental disorders and pathologies [1]. 

Normal connective tissue function requires their cells to sense and respond to 

mechanical and physiochemical changes in the extracellular environment, and matrix, in order 

to maintain their form and function. In hyaline cartilage, chondrocyte primary cilia are located 

at an intermediate position between the mechanically functional extracellular matrix (ECM) 

surrounding the cell, and the intracellular organelles responsible for producing, modifying, 

transporting and secreting extracellular matrix materials [26, 96]. While many cellular and 

physiological processes involving primary cilia are at present known, accurate in situ 

knowledge of their form and fine structure in connective tissue is lacking. 

 A three dimensional model has been created of an in situ chondrocyte primary cilium. 

This details the anatomical structure of the cilium and its relationship to other cellular 

organelles. Components were mapped and divided into groups containing: the Matrix, the 

Cilium, the Centrosome, the Golgi apparatus and the Nucleus. The extracellular matrix was 

found to consist of interconnected tethered proteoglycans and matrix granules, with the 

granules composed of aggregates of finer components. These are tethered to the ciliary 

membrane at localised binding points. The membrane itself was observed as a dynamic 

extension of the cell membrane, fitting neatly over the axoneme microtubule doublets and 

their transport cargoes, while responding to the bending and torsional forces induced by the 

ECM. The ciliary axoneme comprises a ‘9+0 structure’ of microtubule doublets of various 

lengths and inclinations, associated linkage proteins, ciliary necklace proteins, and 

intraflagellar-transport particle ‘rafts’ of materials, contained within the ciliary membrane.  

 The basal body is composed of nine microtubule triplets, and is decorated with 

appendages of basal feet, for the attachment of radiant cytoplasmic microtubules (as the foci 

of the microtubule organising centre, MTOC), as well as alar sheets and transition fibres, 

which function to anchor the basal body to the cell and ciliary membrane. The basal body 

microtubule polarisation, curl and inclination have been determined, along with those of the 

subtending proximal centriole, together the constituent components of the centrosome. The 

nuclear double membrane, and nuclear pores, and their close co-relation with the centrosome 

are shown. 
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 Golgi cis-, medial- and trans-compartments, with associated transport vesicles are 

described along with their polarization. Clathrin coated pits were found, indicating receptor-

mediated endocytosis. The outcome of this study is the first high-resolution reconstruction of 

a primary cilium. The model will enable interpretation of the interactions and involvement of 

the many biochemical and biophysical pathways now known to be associated with the cilium, 

and will lead to new understandings of processes fundamental to the workings of the 

eukaryotic cell. 

The model raises new questions about the visualisation of the structure and form of 

the primary cilium. A vast volume of literature exists upon many aspects of cell biology, 

however few studies have undertaken investigations of primary cilia to understand their 

structure, and attempt to translate it to function. This is the first study to attempt to probe the 

complex relationship between the extracellular matrix, the mechanosensitive primary cilium, 

the centrosome and the Golgi apparatus, which as a continuum are responsible for 

maintaining the cells microenvironment. 
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2D  Two dimensions 

3D  Three dimensions 

 

Pathways 

 

Par3/Par6/aPKC Polarity Pathway 

PI3K/Akt/mTOR Apoptosis Pathway 

MEK/ERK  Mitogen Activated / Extracellular signal Regulated Kinases 

 

NB: For proteins not listed here, see the Appendices. 
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Chapter One: The Matrix-Cilium-Golgi Continuum 

 

1.01 Preamble 

 There has been an explosive growth of interest in the primary cilium since the realisation that 

its occurrence is almost universal in eukaryotic cells and its principal role is presumably to be sense 

features of the cellular environment significant to a particular cell type, allowing an appropriate 

response. Hence, the primary cilia of the renal epithelial cells detect flow, while the cilia of the rods of 

the retina are light detectors, the cells of the cochlea detect vibrations, and the cilium of the 

cartilaginous chondrocyte detects stress-induced deformation. The importance of this structure has 

been underlined by the discovery that about 2000 proteins
1
 are involved in its construction and 

operation, with mutations in these being often lethal or imposing severe functional deficiencies, which 

have become known as ciliopathies [1]. This has focused attention on the relation between structure 

and function of this organelle. However, most of the primary cilium and its associated structures is at 

the limits of resolution of available imaging techniques. 

The primary cilium is a singular centrosomal organelle present in almost all eukaryotic cells 

and is distinct from other kinds of motile cilia and flagella in its unique (9+0) microtubule structure. 

Few conventional electron microscopy based investigations have attempted to model the primary 

cilium. The main experimental objective of this study was to produce an anatomically accurate, 

ultrastructure based three-dimensional model of a connective tissue primary cilium using electron 

tomography. Previous connective tissue investigations of primary cilia used serial sectioning, and 

these were limited in their resolution by the ultrathin section thickness (90-120 nm). The technique of 

electron tomography is ideally suited for investigation of ultrastructure contained within thicker 

semithick (350 nm) sections that could contain a longitudinally aligned entire cilium. The application 

of tomography permits the construction of an interrogative model allowing investigation of the 

structural continuum between the biomechanically functional matrix, the mechanically sensitive 

primary cilium and the cytoplasmic organelles responsible for the secretion of the functionally 

effective extracellular matrix. 

The principal aim of all biological investigation is to achieve a marriage between structure 

and function. Modern technological advances, including high voltage electron tomography, offer the 

potential to achieve a physical resolution near to atomic levels, and in three dimensions, albeit in a 

static form. Advances in the incorporation of function, on the other hand, have been less clear. There 

is an abundance of information, drawn from diverse sources, inferring presence of macromolecules, 

and intermolecular relationships, but at the present time there is little in the way of synthesis into a 

coherent picture. This work  attempts to progress towards a unifying picture of the relation between 

structure and function of the primary cilium by introducing a valid, three dimensional representation 

of the primary cilium at high resolution upon which functional activity can be imposed as biochemical 

                                                 
1
 http://www.ciliaproteome.org/ 

http://www.ciliaproteome.org/
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knowledge advances. This introduction is intended to provide not only a summary of present 

knowledge of the ultrastructure of the primary cilium and its associated structures, but also a review 

of the proteins known or hypothesised to be involved with its regulation and functional role.     

This study presents novel new research using the recently refined ultrastructural imaging 

technique of electron tomography. This advanced technology not only allows detailed investigation of 

structural relationships at extreme magnifications not previously possible, but also enables translation 

of this acquired data into an anatomically accurate, interactive, three-dimensional model of the 

ultrastructural continuum that exists between the matrix, the cilium and the Golgi apparatus in 

connective tissue cells. Hyaline cartilage chondrocytes from chick embryo sterna have previously 

used as a model of connective tissue to study primary cilia, and further study of this tissue forms the 

basis of this thesis. 
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Section I – Previous Knowledge of the Structure of the Primary Cilium 

 

1.02 A Brief History of the Primary Cilium 

The history of the investigation of primary cilia has been extensively reviewed by Bloodgood 

(2009) [2] and Wheatley (1982) [3]. Cilia are amongst the earliest known eukaryotic organelles, with 

the first observations of primary cilia likely unknowingly made around 1763 by Leeuwenhoek [2, 4] 

during his detailed observations of cells and other micro-organisms resulting from his invention of the 

optical microscope [5]. The descriptive term ‘cilium’ was first introduced by Muller in 1786 [6] 

meaning ‘eyelash’, while Dujardin [2] used the term ‘flagellum’ in 1841 to describe motile cilia [2]. 

In 1876 Langerhans [7] published sketches of epithelia, showing a singular cilium projecting from 

cells, with an intracellular component at its base. It is clear that many have observed both types of 

cilia, yet Zimmerman is credited with discovering the primary cilium in 1894 [8], which he termed the 

‘central flagellum’ [9]. In 1898 Zimmerman [9] described motile cilia as being distinct from a 

singular ‘primary cilium’, which originated from a pair of centrioles (the diplosome), and he proposed 

a role for it as a sensory organelle (see Figure 1.1) [2]. Bernhard and deHarven, however, introduced 

the term ‘primary cilium’ in 1956 [3]. Cilia and flagella are unique microtubule based membrane 

bound organelles, where description in the common lexis, flagella pertain to the uni-cellular motile 

apparatus, cilia being used to describe both motile, and non-motile primary cilia alike [2, 10]. 

Importantly, a functional distinction should be clearly drawn between motile cilia, which act on the 

surrounding medium to generate motion, and the primary cilium, which not only has a unique and 

characteristic structure, but also is non-motile and functions as a sensory detector. 

 

Figure 1.1 The ‘Central Flagellum’: A reproduction of images from Zimmerman’s original publication ‘Beitrage zur 

Kenntniss einiger Drusen und Epithelien’ [9] published in 1898, detailing observations of kidney tubule epithelium 
expressing a primary cilium from their centrosome (arrows). The centrosome consists of a ‘diplosome’ of two centrioles 

observed near the resolving limit of light microscopy. Reproduced from original scans publish in Bloodgood (2009) [2], 

courtesy of Dr Bloodgood. 

 

The discovery of the centrosome is attributed to Flemming, around 1875 [11, 12], while the 

common terms ‘centrosome’ and ‘centriole’ were introduced by Boveri in 1888 and 1895 respectively 

[13]. The Henneguy-Lenhossek hypothesis originated in 1898, defining the role of the centrosome in 

the formation of the spindle poles during cell division, the motile tail of spermatids in 

spermatogenesis, and generating the base of a primary cilium of a cell during interphase [3, 14]. 

Jennings (1899) [15] studied mechano-sensory reactions in unicellular organisms and described 
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behavioural responses to stimuli in the ciliate Paramecium, hinting at a sensory role for motile cilia 

[16], although a sensory function is now attributed to all cilia [17]. 

 

1.03 Early Work: Optical and Electron Microscopy of Cilia 

A lot of the early 20th century work on cilia focussed on cilia of unicellular organisms or 

epithelial sheets contrasted against an optically transparent lumen. Unlike epithelial cells and 

unicellular organisms which often bear many cilia, most eukaryotic cells typically possess only a 

single primary cilium, whose small width of 200 nm and nominal length of 1-4 µm, places it near the 

limit of resolution of optical microscopes (about 200 nm) determined by Abbe (1873) [18, 19]. 

The invention of the transmission electron microscope (TEM) in 1931 by Max Knoll and 

Ernst Ruska [20] allowed far greater magnifications to be achieved. The use of osmium tetroxide [21] 

for fixation, combined with the embedding of biological materials into epoxy resins in the 1950’s 

enabled the stabilisation of chemically fixed structures, and the use of heavy metal stains, such as lead 

or uranium, provided enhanced contrast [22]. With the development of diamond knives, reliable 

methods of ultra-thin sectioning emerged in the 1950’s [2]. The main drawback with many of these 

early observations in electron microscopy was that inadequate fixation and processing techniques 

produced uncertain artefacts. During this period, different anatomical expressions of primary cilia 

were discovered to exist in many cell types and organisms ranging from protozoa to mammals [23]. 

For a review of historic publications on the primary cilium prior to 2005, see Wheatley (2005) [24]. 

Extensive ultrastructural analysis of primary cilia both in vivo [25-29] and in vitro [30, 31, 32] largely 

ignored their functional role within the eukaryotic cell until recently [33]. 

Studies by Praetorius et al., (2001, 2003) [34, 35] established that epithelial primary cilia 

could act as flow sensors in the renal collecting duct, and their bending resulted in the activation of 

intracellular calcium signalling. It has subsequently become apparent that primary cilia in vertebrates 

encompass a wide range of sensory modalities from the ocular rod and cone photoreceptors [36], 

including olfaction and audition, to tonicity and flow detection in renal primary cilia, which all play 

specialist roles in signal transduction. They also occur in numerous tissues and cell types (with a 

current list maintained at the Bowser Lab
2
), although red blood cells, oocytes and some lymphatic 

cells lack this structure. Signalling components and structural proteins involved with the cilium 

involve at least 2,000 genes, whose proteins are specific to, or associated with ciliary function or the 

Ciliome
3
 [37-41]. 

 

 

 

 

                                                 
2
http://www.bowserlab.org/primarycilia/cilialist.html 

3
 www.ciliome.com 

http://www.bowserlab.org/primarycilia/cilialist.html
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1.04 The Discovery of Chondrocyte Primary Cilia 

 
There are few anatomical examples of the basic structure of the 

primary cilium. One of these is from chondrocytes (Figure 1.2). Initially, 

these were thought to be non-ciliated. The first known recorded 

observations of primary cilia in chondrocytes were made by Scherft et 

al., (1967) [42] reviewing their occurrence in cartilage. Hart (1968) [43] 

undertook ultrastructural studies of the cilium, and this was followed by 

Federman et al., (1974) [44], and Wilsman [27, 28, 29]. Wilsman (1978) 

[27, 28] performed the first detailed studies of in situ chondrocyte 

primary cilia where their incidence and morphology were investigated by 

exhaustive serial sectioning. This allowed for the first artistic perspective 

of the three-dimensional anatomy of a chondrocyte primary cilium, 

which shares a strong similarity to the basal body described by Anderson 

in (1972) [45]. The axoneme is shown deflected, laying within a 

invagination. Not all microtubule doublets extend the full length of the 

axoneme, with many falling short, inclining luminally inwards in their 

projection.  

 

 

 

Figure 1.2 The Primary Cilium of a Chondrocyte: An artistic interpretation of a 

primary cilium invaginated within a ‘ciliary pocket’ of the cell membrane, 

generated by serial sectioning. The cilium consists of a distal tip, a ciliary 

axoneme and a basal body, with which the proximal centriole forms the 

centrosome. Detailed are the plasma membrane (pm), the alar sheets (as) / 

transition fibres, the basal foot (bf), basal body microtubule triplet linkers (a-c), 

the (a-a) connector and striated rootlets (r) linking to the proximal centriole. 

Modified and reproduced with permission from Wilsman (1978) [27].  

 

1.05 The Ciliary Axoneme 

The axoneme of all cilia shows distinct common zones: the distal tip, the middle axoneme and 

the transition zone adjacent to the basal body (see Figure 1.2). The distal zone contains the tapered 

end of the cilium, while the middle axoneme contains the bulk of the microtubule luminal 

components, and the transition zone marks the merging of the axoneme with the cell membrane and 

basal body [25]. The distal tip of the axoneme represents the terminus zone for bi-directional 

microtubule-dependent internal transport complexes (commonly referred to as intra-flagellar 

transport, IFT) [46] and represents a unique area for the assembly and maintenance of ciliary 

components [47-49]. It also contains a reduced number of microtubule doublets whose distal tips 

contain finer structures attached to the end caps of the microtubules [49, 50].  
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Investigation of ciliary membranes by freeze fracture techniques shows the presence of 

membrane embedded structures along the length of the axoneme, consisting of populations of 

longitudinal rows, rosettes, plaques and the ciliary necklace [51, 52]. These act as tethering points for 

fine filaments bridging between the ciliary membrane and the microtubule doublets of the axoneme 

[49, 51-53] (Figure 1.3). 

 

1.06 Ciliary Ultrastructure 

Electron microscopy studies of the more numerous motile cilia revealed much about the 

components of their mechanisms of motion and the axoneme ultrastructure, which they have common 

with primary cilia [28, 45, 49, 54-56]. Axonemes comprise a plasma membrane enclosing unique 

linear microtubule doublets extended from a centriole base, which when expressing a cilium is known 

as a ‘basal body’. Centrioles possess a unique ‘nine-fold’ microtubule symmetry, which are shared 

with the microtubules of the axoneme projected from the basal body [3, 57]. While many authors have 

reviewed the ultrastructure of motile cilia [54], that of primary cilia is less well known due to their 

relative rarity, being first described ultrastructurally by Sotelo in 1958 [58]. Motile cilia and flagella 

usually contain a central doublet (9+2) architecture [37, 59] which was first described by Manton et 

al., (1952) [60] in the sperm flagellum, in which the axoneme contains a central pair of microtubules 

[54, 55] (Figure 1.3 A). The microtubule doublets extend most of the full length of the cilium, where 

the central microtubule pair defines the axis of flexion emanating from a base plate. In marked 

contrast, the (9+0) primary cilium lacks the central pair and base plate, as well as the microtubule 

doublet associated components of the dynein arms responsible for motion [3, 55, 49, 61, 62] (Figure 

1.3 B).  

 

 
 
 

Figure 1.3 Diagrammatic Cross Sections of Axonemes: of [A] motile (9+2) and [B] primary (9+0) cilia viewed in the 

positive microtubule doublet direction from their respective basal bodies (into the page). Primary cilia are immotile, and lack 

the inner microtubule pair, the motive machinery of the outer dynein ciliary arms and radial spoke components of motile 
(9+2) cilia (see Lin et al., (2012) [56]). The (9+2) axoneme contains an axis of symmetry defined by the inner microtubule 

pair (see Gibbons (1961) [54]. Modified and reproduced courtesy of C.A. Poole.  
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In addition, primary cilia microtubule doublets commonly fall short of the tip of the axoneme 

and are commonly displaced inward. The primary cilium is uniquely defined by the presence of a 

subtending proximal centriole [28, 26, 63, 64]. All cilia contain extensive microtubule doublet-to-

membrane linkages of filaments and y-shaped linkers (see Figure 1.3).  

 

1.07 The Transition Zone ‘Compartment’  

The transition zone separates the axoneme from the cytosol of the cell, demarcating the 

boundary between the ciliary membrane and its attachment to the cell membrane [49, 65]. Observed 

historically in both motile and primary cilia, the transition zone is a specialist membrane-bound area 

encompassing the proximal region of the axoneme, where it merges with the cell membrane. It 

comprises structures connecting microtubules to the membrane, made up of y-shaped linkers, 

filaments and alar sheets (see Figs 1.3-1.5) [54, 55]. These function as membrane-microtubule 

anchoring components and are highly conserved [65, 66] although their ultrastructure varies between 

species and cell types [49]). The transition-zone in primary cilia is proposed to be a regulatory zone, 

or ciliary gate analogous to a nuclear pore, organised for the orderly bi-directional transport of 

materials [66-70]. Y-shaped linkers commonly feature in the distal transition zone, where they 

comprise the principle components of the ‘ciliary necklace’, which encircles the shaft as a membrane 

microtubule complex [51, 55] (Figure 1.4). Investigation of ciliary structure by freeze fracture has 

relied heavily upon the study of motile cilia. 

 

 

Figure 1.4 The Membrane, Axoneme and Basal 

Body of the Motile Cilium: [A] An artistic 

interpretation of the basal body of the motile 

cilium. Anatomical features detailed include the 
inclination of the basal body microtubule triplets 

(their connectivity to each other by linkages), 

their transition into the doublets of the axoneme, 

and where they are tethered to the plasma 
membrane by transition fibres (alar sheets). A 

single basal appendage (the ‘basal foot’) 

attaches to the microtubule triplet faces, while a 

striated rootlet binds to the distal end of the 
basal body. Reproduced and modified from 

Anderson [45]. [B] The axoneme membrane is 

decorated with distinct patterns of intra-

membrane structures which make up such 
features as the ciliary necklace, plaques, 

rosettes, and longitudinal rows. These link the 

membrane to the microtubule doublets of the 

axoneme. Modified and reproduced from 
Bardele (1981) [52]. [C] A freeze fracture 

image of the ciliary membrane showing the 

protein linkages that make up the ciliary 
decorations described in [B]. Note presence of 

zones of ‘longitudinal rows’ of membrane 

bound materials within the axoneme membrane. 

Reproduced from Gilula et al., (1972) [51].  
 

 

A B 
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1.08 Basal Body Appendages - Proximal to Distal 

There remains confusion in the literature about the naming convention for ciliary structures, 

especially of appendages observed upon basal bodies [71]. Anderson (1972) [45], using serial 

sectioning, investigated the structure of the basal body in motile cilia, and reconstructed a three 

dimensional model likeness defining the structural form of the microtubule triplet architecture, alar 

sheets and basal foot (Figure 1.5). Understanding of these structures is based largely upon studies of 

motile cilia. The basal body is delimited at the distal end by the presence of alar sheets or ‘transition 

fibres’, while conical shaped basal feet project from the mid-body (Figure 1.5). Subdistal appendages, 

as their name implies, are located in the ‘sub-distal zone’ between the distal alar sheets, and the basal 

feet.  

 

Figure 1.5 The Basal Body and Transition Fibres (Alar Sheets): [A] A scale model produced by Anderson (1972) [45] of a 

motile cilium from a cell in the ovary of a rhesus monkey, detailing the microtubule triplet architecture of the basal body, the 
single basal (foot) appendage and the alar sheets. Note the change of pitch angles and curl in the microtubule triplets in their 

distal projection along the axis of the basal body. The ‘alar sheets’ show as ‘cusps’ originating from the distal end of the 

triplets. [B] Comparison of a 100 nm thick ultrathin cross section of an ovine chondrocyte showing the transition fibres 

originating from the triplet faces, and tapering to a point of contact with the periciliary membrane in the adjacent section. 
Reproduced from Anderson [45]. 

 

1.09 The Basal Feet (Basal Appendages) 

Primary cilia have been observed expressing up to five basal appendages [26, 25, 72] (Figure 

1.6), yet regulation of their structure, packing density and role in centriole maturation remain 

unknown [73]. The basal appendages each consist of a conical structure, 174 nm long [45], which at 

its base spans a domain of at least three microtubule triplets of the basal body [74], and at its apex acts 

as a microtubule anchoring complex [26, 45]. In contrast, the ultrastructure of the motile cilium is 

defined by the presence of a single lateral basal foot, positioned perpendicular to the axis of the 

central microtubule pair, indicating the plane of motility and fluid flow [45, 54, 75]. Thus, the basal 

body of motile cilia exhibits a structural polarity [76], linking structure to the mechanism of planar 

cell polarity [77]. The possibility of a similar radial structural relationship with respect to polarisation 

of primary cilia remains unknown.  

 

 

A B 
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Figure 1.6 Observations of the Range and Distribution of Basal Appendages: The radial projections of basal feet upon basal 
bodies range from 1 to 5: [A] Wilsman (equine chondrocyte, in situ) [29], [B] from Alieva et al., (porcine kidney cells, in 

vivo) [72], [C] ovine, chondrocyte in vitro, [D] Poole et al., (1985) [26] unpublished image of chick embryo sternal cartilage 

and [E] Alieva (porcine kidney cells) [72]. [F] Centriole triplet nine-fold template reproduced and modified from Wheatley 

[3] reflecting images [A-E] where each basal appendage substrate covers at least three microtubule triplets evenly (blue), 
while occasionally an appendage ‘shares’ an adjacent triplet (red). Preferential order, orientation and assembly of basal 

appendages remain undetermined. Images reproduced with permission. 
 

 

1.10 The Striated Rootlets 

Striated rootlets commonly occur with motile cilia, where they form conical shaped, 

longitudinally aligned, filamentous periodic structures that frequently radiate from the proximal end 

of the basal body into the cytosol [45, 54, 78] (Figure 1.4). However, they are occasionally observed 

originating from the basal bodies of primary cilia (Figure 1.7), where they are proposed to be involved 

in ciliary stability [79] and may be crucial for basal body anchoring. Hagiwara et al., [78] revealed a 

conserved periodicity of striations in human oviduct epithelium of 68.5 ± 2.95 nm in the fibrillar part, 

and of shorter 63.9 ± 2.25 nm spacing in the conical zone. Variances in spacing exist between 

eukaryotes [80], indicating a possible link of their periodicity to specific functions [81]. The proximal 

ends of the basal body and the subtending proximal centriole are connected via inter-centriolar linker 

fibres, which are sometimes striated [82], and which 

display a still shorter periodicity of about 55 nm [64, 

83].  

 

 

Figure 1.7 Striated Rootlets of the Diplosome: Inter-

centriolar striated rootlets (small arrowheads) connect the 

basal body (right) with the proximal centriole (left), while a 

striated rootlet is seen radiating from the basal body (large 

arrowheads). Unpublished image, courtesy of C.A. Poole 

(circa 1985).  

A B C 

D E F 
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1.11 The Centriole: A Template for the Basal Body and Axoneme 

As an ancient ‘inherited organelle’ from an ancestral eukaryote, the centriole is essential for 

the formation of microtubule based cilia and flagella [3, 59, 63, 84-87]. It has been widely speculated 

that its function is related to the unique nine-fold symmetry, whose structure is based upon 

microtubule triplet ‘vanes’ [3, 28, 63, 88]. These are inclined into a ‘barrel’ shaped structure with an 

inner 130 nm and outer 250 nm diameter of 400 nm length [28, 89, 90]. The microtubule triplet 

subfibres have a an inclination in the longtidunal axis forming an arc, between 10 to 15°, with each 

triplet having an average 40° ‘triplet angle’ with respect to the basal body [45, 63]. The inclination 

angle decreases distally along the axis of projection of the basal body, where the triplets are twisted 

with a left-handed ‘curl’. The first model of a basal body of a motile cilium interpreted by Anderson 

(1972) [45] (Figure 1.4 A), indicated that triplet angles and basal body diameter gradually decreased 

towards the transition zone from 40° to 15°. The first model of a primary cilium by Wilsman (1978) 

[27] (Figure 1.2) described an inclined taper in the microtubule projection towards the distal end from 

51° to 28°, while Vorobjev et al., (1982) [63] observed their inclination varied from radially from 

proximal to distal by 55° to 85°. More recently Li et al., (2011) [89] tomographically confirmed this 

distally decreasing angle along the axis of the basal body. 

Each microtubule triplet consists of a complete tubulin based A-subfibre (of 13 

protofilaments), with the partial B and C-subfibres (each of 10 protofilaments) [88, 91, 92], shown in 

Figure 1.8 (for numbering conventions see Linck et al., (2007) [93]). The distal portion of the C-

subfibre protofilaments progressively uncouple distally, forming a ‘hook’ [88, 94] (Figure 1.8) which 

terminates near the transition zone. The A and B-subfibres of the basal body extend to form the nine-

microtubule doublets of the axoneme.  

Figure 1.8 The Nine-Fold Symmetry of the Centriole: Detail of 

the tubulin based microtubule architecture of a centriole 

detailing symmetries, linkages and luminal spaces, from the 
aquatic fungus Phlyctochytrium irregulare (modified and 

reproduced from McNitt (1974) [91]). Each triplet consists of a 

central microtubule core (A) with subtending subfibres (B) and 

(C) composed of tubulin dimers. Protein linkages interconnect 
neighbouring triplets via A-C inter-triplet bridges providing 

structural support (white arrow, note uneven symmetry of A-C 

triplet linkers). A-subfibre ‘feet’ (black arrow) project luminally 

and are associated with the cartwheel complex during centriole 
biogenesis [57]. Luminal zones I, II and III encompass the faces 

of the A, B and C-subfibres, where fine filamentous materials 

have been observed. Studies by Li et al., (2010) [89] have 

confirmed the triplet tubulin arrangement of the A-subfibre 

having 13 protofilaments members (A1-A13), the B-subfibre 

(B1-B9) and the C-subfibre (C1-C9) following the Tilney-Linck 

convention [93], although no common standard yet exists. The 
nine-fold symmetry of the cartwheel (and basal body) arises 

from assembly of the SAS-6 homodimer [57]. Viewed in the 

positive microtubule direction, into the page, in the direction of 

the aligned thumb of the ‘left hand’, the fingers ‘curl’ in the 
orientation of the inclined triplets. 
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Linkers between adjacent triplet A and C-fibres occur along the proximal half of the basal 

body [28] where they are involved in inter-triplet stabilisation and structural integrity [45]. Often 

observed are A-subfibre ‘feet’ which link with the fine components of the cartwheel complex which 

are remnants of centriole assembly [3, 28, 91]. In comparison, ultrastructural details of proximal 

centrioles are less well known. Their triplets are reported to be inclined at 60° with respect to the 

longitudinal axis over the length of the centriole, and are devoid of any decorating appendages or 

association with the cell membrane [63]. Many studies show an absence of cartwheel-like structures 

in mature centrioles, and report the presence of luminal accumulations of proteinaceous materials and 

vesicles [25, 45, 63]. Due to their inherent difficulty for study, confusion has existed within the 

literature over the correct ‘handedness’ of centrosomal centrioles, particularly with regard to their 

polarisation and curl [63, 94]. 

 

1.20 The Matrix-Cilium-Golgi Continuum  

The morphological relationship between the extracellular matrix, the primary cilium and the 

Golgi apparatus has been previously described in chondrocytes [25, 26, 28, 95-98] but structural and 

biochemical interactions between the matrix, the cilium and the Golgi have been neglected. Poole et 

al., (1985) [26] first proposed that the primary cilium was in fact a ‘cybernetic probe’ [99] capable of 

detecting extracellular information, transducing this information to the centrosome and microtubule 

network, which responds by polarising the Golgi secretory apparatus, leading to the regulated spatial 

and temporal secretion of connective tissue macromolecules. Furthermore, McGlashan et al., [100] 

identified the occurrence of α2, α3, α5, β1-integrins and NG2 receptors upon the primary cilium 

membrane, while the adhesion receptors of CD44 and Annexin-V were undetected, suggesting the 

chondrocyte ciliary membrane is only selective for certain matrix connections. Since these receptor 

proteins are known to physically link extracellular matrix components to the cellular membrane, it is 

hypothesised that the biomechanical signals from the matrix probably influence ciliary 

mechanotransduction. 

Figure 1.9 shows an unpublished drawing of the ‘matrix-cilium-Golgi continuum’ derived 

from ultrastructural information (by Poole et al., [26]), hypothesising a putative signalling continuum 

between the mechanically functional extracellular matrix, the mechanically responsive primary 

cilium, the centrosome, and the secretory Golgi apparatus and the nucleus. Extracellular matrix is 

shown attached to the ciliary membrane via specific receptors, so that a pressure induced distortion 

can exert a bending moment on the axoneme. This distortion may be conveyed to the basal body, from 

which the cilium projects, and the centrosome could direct the microtubule network, which then co-

ordinates Golgi assembly and polarisation for secretion. Thus, like an antenna, the primary cilium 

provides hypothetically the ability to detect extracellular signals and forces, and transduce these to the 

centrosome, which can then orchestrate and engender the appropriate cellular response. In addition, 

the primary cilium can potentially detect chemical changes in its environment. This is thought to be 
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achieved through bi-directional microtubule-dependent intra-flagellar transport (IFT) [101]. The 

lumen of the axoneme contains electron dense deposits of intra-ciliary transport ‘trains’, likely 

composed of cargo materials, their IFT-complexes powered by dynein [102] and kinesin family 

member (KIF) motors in transit within the axoneme [103]. 

Specific chemoreceptors and associated materials assemble in a regulated way within the 

centrosome and are conveyed into the ciliary membrane. The centrosome consists of two centrioles 

commonly called a ‘diplosome’, but when associated with a cilium, are referred to respectively as a 

basal body and the subtending proximal centriole. Centrosomal microtubules participate in the 

organisation, regulation and transport of cellular organelles, including the Golgi components. Primary 

cilia are frequently observed surrounded by a ciliary pocket generated by retraction of the centrosome 

within the cell. The presence of receptor-mediated endocytosis in proximity to the ciliary ‘pocket’ 

suggests materials are recycled to the Golgi cisternae through the endosomal-lysosomal system.  

 

 
 

 

 

Figure 1.9 Illustration of the Matrix-Cilium-Golgi Continuum: The extracellular matrix consists of proteoglycans (Pg), 

fibronectin (Fn) and collagen fibres (Cl) which experience mechanical forces and are physically tethered to the membrane of 

the primary cilium by integrins. The basal body (BB) extends a microtubule based axoneme (Ax) into the extracellular 

domain. The axoneme contains components of intra-flagellar transport (IFT) particles, vesicles (Vs), fine internal linkages, 

and is partially invaginated into the cell within a ‘ciliary pocket’ (Cp). Orthogonally aligned to the basal body lies the 

proximal centriole (Pc), and these together form the structural core of the centrosome (C), which acts as the microtubule 

(Mt) organising centre of the cell. Located in a juxta-centrosome-nuclear position the Golgi apparatus occupies an 
intermediate position between the nucleus (Nu), the endoplasmic reticulum (ER), and the cell membrane. The Golgi consists 

of polarised stacks of cis (cis), medial (med) and trans (trans) cisternae, which modifies and secretes extracellular matrix 

(including pro-collagen ProCl) and forms the Golgi-endosomal-lysosome system. Receptor mediated endocytosis (RME) 

processes sequester materials within the lysosome system (primary 1º Ly and secondary 2ºLy). Note the attachment of 
collagen to the ciliary tip, and its capacity for deflection by mechanical force (Mech Force). Reproduced and modified 

courtesy of C.A. Poole (2003). 
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1.21 The Microtubule Organising Centre (MTOC) 

The diplosome based centrosome (Figure 1.10) is a semi-conserved organelle which acts as 

the microtubule organising centre of the cell, regulating microtubule nucleation, organelle positioning, 

cellular transport, cell migration, cytokinesis as well as being intricately involved in aspects of the cell 

cycle [12, 104, 105]. The centrosome is also responsible for organising the bi-directional transport of 

vesicles, other materials and for positioning intracellular organelles of the endoplasmic reticulum 

(ER), the Golgi apparatus, the lysosomal system, mitochondria and the nucleus [106-108]. During 

interphase, the centrosome initiates ciliogenesis, and is responsible for cell polarisation, microtubule 

nucleation and maintaining the primary cilium [109]. The structural stability of the centrosome is 

dependent upon the centrioles [110], which are of greater resilience than cytoplasmic microtubules 

[111], and also participate in regulating centrosome size [112]. 

Conventional ultra-thin electron microscopy imaging, cut without reference to the plane of the 

interphase centrosome, usually reveals a cross-section of electron dense metal stain accumulation 

upon the microtubule structures of the axoneme, basal body, proximal centriole, the cytosolic 

microtubule network and amorphous surrounding materials (Figure 1.10). 

 

 
 

Figure 1.10 The Interphase Centrosome: An electron micrograph of a cross section of the centrosome of an ovine 
chondrocyte in vitro, section thickness 100 nm. The MTOC consists of a pair of ‘barrel shaped’ centrioles. The basal body 

extends the ciliary axoneme, and attaches to the periciliary membrane by alar sheets and sub-distal fibres, while its proximal 

end radiates a striated rootlet, and is also connected by inter-centriolar linkers to the subtending proximal centriole. Basal 

feet tether a number of cytosolic microtubules, which also radiate from the surrounding amorphous pericentriolar material. 
The obliquely sectioned subtending proximal centriole lacks appendages, and appears not to directly nucleate cytosolic 

microtubules. Scale bar 200 nm. 

 

Alar sheets and finer sub-distal fibres link the distal end of the basal body to the periciliary 

cell membrane, while basal feet act as attachment points for arrays of cytosolic microtubules. Striated 

rootlets originate from the proximal end. Centrosomes may also contain varying numbers of densely 
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stained granular ‘satellite’ materials [113] that are involved in ciliogensis [114] while the surrounding 

pericentriolar matrix acts as an amorphous MTOC. 

The number of microtubules radiating from the centrosome has been estimated to vary 

between 20 and 100 [115], being divided between the pericentriolar matrix (PCM) ‘cloud’ and the 

globular heads of the basal appendages [116]. Aspects of their dynamics [117] and anchoring points 

[118] (Figure 1.11) and are believed to be cell type specific [119]. The PCM is a favourable site for 

microtubule nucleation and anchoring of microtubules [118]. Different anchors are believed to tether 

microtubules to the centrosome [120, 121], where some may be released into the cytosol [106, 118]. 

The ability of the proximal centriole to nucleate and anchor microtubules remains contentious [115, 

118]. 

 

1.22 The Peri-Centriolar Matrix (PCM) 

The pericentriolar matrix material is a dynamic, nebulous ‘cloud’ (1-2 µm
3
) made up of a 

collection of fine fibres surrounding the ‘mother and daughter’ centrioles. Composed of both 

structural and regulatory proteins, these are thought to support higher order functions [3, 59, 63, 118, 

120-125] and contribute to the complex processes of centrosome cohesion [126], centriole replication 

[127], cell regulation and ciliary control [62, 120]. Proteomic studies have revealed the presence of 

over 100 different proteins contained within the matrix [129-132] and its nebulous structure is 

observed to vary between cell types and during the cell cycle [127, 128, 133, 134]. Despite extensive 

studies of the centriole ultrastructure, investigation of the fine filamentous and nebulous nature of the 

pericentriolar matrix has remained elusive, and its functional makeup and regulation remain largely 

unknown [109, 124, 127, 128, 135, 136]. 

Recent confocal immuno-histochemistry visualisation of key pericentriolar matrix 

centrosomal proteins during interphase has revealed the detailed organisation of many protein species 

required for centrosomal function, which are confined in spatial layers surrounding the basal body 

[104, 123, 129]. The role of the matrix in support of basal body maturation, and of the protein 

machinery for ciliogenesis and maintaining the primary cilium is presently poorly known [62, 73, 

128]. The centrosome is a dynamic structure, which occasionally ejects PCM flares [137]. 

Tomographic modelling of the centrosome has been undertaken by O’Toole et al., (2012) [138] and 

Moritz et al., (1995) [135] revealing that microtubule nucleation sites are distributed at a mean radial 

distance ~740 nm from the centre of the centrosome, and are excluded from near the centrioles [138]. 

Ultrastructurally, the matrix appears to support centriole and microtubule function by tethering 

microtubule anchoring complexes, and surrounding the basal appendages, whose anchoring head 

complexes are located some distance from the basal body surface (see Figure 1.11). The molecular 

composition and functional regulation of the pericentriolar components of the centrosome are yet to 

be determined [109], along with their intricate involvement in organelle positioning, especially with 

respect to the endoplasmic reticulum and the Golgi apparatus.  
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Figure 1.11 The Centrosome: An artistic interpretation of the 

microtubule based structure and organisation of the centrosome. 

Detailed are the microtubule structures of the orthogonal 

centrioles, and their surrounding pericentriolar matrix. 

Polyglutamylation of the microtubule triplet walls may be 

involved with binding the pericentriolar matrix and stabilising 

proteins. Microtubule binding proteins attach the γ-tubulin 

nucleation complexes to the pericentriolar matrix or to anchoring 

heads upon the basal feet, where their regulation is likely governed 

by components of the centrosome. Capped microtubules may be 

released, migrating into the cytoplasm. Many regulatory 

mechanisms remain poorly understood. Reproduced and modified 

with permission from Bornens (2002) [118] and Azimzadeh et al., 

(2007) [124]. 

 

 

 

 

 

 

 

 

 

 

 

 
1.23 The Cytoskeleton  

The cytoskeleton is a three-dimensional protein network made up of actin filaments, 

microtubules (tubulin) and intermediate filaments (comprising the proteins desmin, cytokeratin and 

vimentin) [115, 139, 140, 141]. Beneath the cell membrane, a cortical layer of actin microfilament 

networks provides resistance to buckling from applied compressive forces [142, 143]. In interphase 

cells the centrosome acts as an MTOC extending a network of rigid microtubules throughout the 

cytoplasm [144, 145], which also assists in maintaining cellular shape under compressive loads [146]. 

Microtubules not only maintain cell shape, but also play a role in organelle positioning, directed cell 

migration and movement [147]. Intermediate filaments function as viscoelastic elements, with roles in 

maintaining cell architecture, plasticity control, stress absorption, and in signalling [115, 141, 148, 

149] (for a review see Herrmann et al., (2009) [150]).  

 The centrosome functions as the primary organising and nucleating centre for both 

microtubules and intermediate filaments [115], which, in combination with actin, form a cytoskeletal 

tensegrity network of tensile and compressive elements that resist extracellular biomechanical forces 

[143, 151-155]. During interphase, the primary cilium is located at the structural focus of this 

network. Normal movements of the cell and the centrosome in positioning also likely contribute to a 

level of signal transduction upon the primary cilium [144]. The interphase microtubule ‘interactome’ 

is vital for the generation and maintenance of cell shape, polarity, vesicle and organelle transport and 

anchoring [156, 157, 158] that utilises microtubule’s different stability and physical properties [118, 

121, 159, 160].  

Satellite Granule 

Basal Foot 
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As the focus of the cytoplasm, the nucleus experiences forces transmitted through the 

cytoskeletal network. The viscoelastic properties of cell nuclei exceed those of the cytoplasm by three 

to four times [161, 162]. Application of an external force may therefore lead to alteration of nuclear 

shape. It has been proposed that such nuclear compression may alter gene expression, as cells such as 

chondrocytes change shape and volume under compression [163], resulting in increased matrix 

production [164]. 

 

1.24 Microtubules 

 Microtubules consist of 13 elements of tubulin α-ß-dimers that polymerise into longitudinal 

protofilaments, which self-organise into polarised hollow cylinders [165-168] (Figure 1.12). With an 

inner and outer diameter of 15 nm and 25 nm respectively, microtubules may reversibly and 

dynamically polymerise into lengths of many microns, forming the more permanent complex 

structures of centrioles and the axoneme [166, 169]. 

 

1.241 Tubulins 

The tubulin superfamily of globular proteins consists of six distinct known groups: α, β, γ, δ, 

ε, and δ-tubulins with α, β and γ-tubulins being highly conserved in eukaryotes [92, 120, 170, 171]. 

 α and β-tubulins, of which several isoforms of each member are known [172, 173], make up the 

majority of the content of microtubules [174] and these have been reported to be vital for ciliary 

function [175]. However, it is yet to be shown how these different isoforms affect microtubule 

structure [176], post-translational modification or influence interactions with microtubule associated 

proteins [177-179].  

 
1.242 Microtubule Nucleation Complex 

Tubulin nucleation has been reviewed by Wiese et al., (2006) [180], Kollman et al., (2011) 

[121], Teix et al., (2012) [181] and Prokop (2013) [182]. Microtubule formation typically occurs 

within the MTOC from a γ-tubulin template comprised of either small or larger ring complexes (γ-

TuSC and γ-TuRC), which facilitate tubulin polymerisation, as well as forming an attachment site for 

tethering the nucleation complex [183]. The small γ-TuSC is comprised of γ-tubulin and the complex 

proteins GCP2 and GCP3, while the full γ-TuRC includes support proteins GCP4-6 [121, 184] 

(Figure 1.12). Each complex possesses separate attachment factor proteins, which may be substrate 

specific [120, 121] (see Figure 1.11).  

 

1.243 Polymerisation 

The ability of microtubules to direct translation of materials within the cell is depends upon 

their ability to be assemble and dissemble as required. For a review of microtubules, their assembly 

and regulation see Van Buren et al., (2005) [185] and Conde et al., (2009) [186]. Guanosine-
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triphosphate (GTP) allows polymerisation of tubulins from their exposed β-ends into protofilaments 

[186], where hydrolysis to GDP allows inter-dimer linkage formation and microtubule assembly 

[187]. Dynamic instability arises during the assembly process at the β-end, where microtubules 

containing a non-hydrolysable GTP analogue are relatively stable [117, 182]. Discontinuities are 

observed in the microtubule structure arising from geometric constraints giving rise to a disjointed 

pattern known as ‘lattice seam’ [5, 188-191] (Figure 1.12), which may influence kinesin motor 

binding [192]. Limited information exists surrounding the process of initiation and assembly of the 

microtubule doublets of the axoneme through the extension of the A and B-subfibres of the centriole 

[93], where the B-subfibres do not always extend completely to the tip [193, 194]. Nicastro et al. 

(2011) [195] reported conserved features of the doublet architecture of Chlamydomonas flagellum, 

however, understanding of microtubule assembly, support molecules and their modification remains 

limited [196, 197]. 

 

Figure 1.12 Microtubule Nucleation and Doublet Structure: [A] Microtubules normally consist of a ring of 13-tubulin 

protofilaments usually formed around a γ-tubulin nucleation base complex. Nucleation complexes consist of either ‘small 

complexes’ (yellow box, γ-TuSC, composed of γ-tubulin and complex proteins GCP2 and GCP3) or larger ‘ring complexes’ 
(grey, γ-TuRCs comprised of γ-TuSCs and proteins GCP4-6 [121]. Note the presence of the ‘lattice seam’. Reproduced and 

modified from Moritz et al., (2000) [189]. [B] The α-β dimers of tubulin incorporate into protofilaments, which then form 

the microtubule through hydrolysis of GTP, where the c-terminal tails are exposed to the outer surface. Post-translational 
modification of microtubules include acetylation, poly-amination, glycylation and glutamylation [182], which influence 

protein structural and binding properties [199]. [C] Protofilament assembly, interactions and polymerisation required for 

microtubule assembly. Reproduced and modified with permission from Prokop (2013) [182]. 

 

 

1.244 Tubulin Post-Translational Modification 

 
Post-translational modification of tubulin has been extensively reviewed (see Wloga et al., 

(2010) [200] and Westlake et al., (2003) [178]). Tubulin is subject to a range of specific post-

translation modifications [199], including acetylation, de-acetylation [201, 202], palmitoylation [203], 

phosphorylation [120, 204], polyglutamylation [205], polyglycylation [120, 206], tyrosination and 
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detyrosination [186, 199]). These result in specific microtubule properties, influencing stability, 

specificity, axonemal rigidity, signal transduction [180, 207], and the binding of proteins [208], 

chemicals and transient ionic species [209]. Post-translational modifying enzymes act upon 

microtubules, although tyrosine ligase is reported to act upon non-assembled tubulin [210]. Post-

translational modifications have also been also correlated with microtubule distribution and lifetime 

[186, 211], where it has been suggested they initiate important functions and contribute to the intrinsic 

properties of the cytoskeleton and axoneme [120, 194, 199, 212].  

Variable levels of polyglutamylation exist on both axonemal microtubules and basal bodies 

[213], and a low level of glycation also occurs [214, 215] (although present upon longer length cilia 

[216]), implying that specific glycase and glutamylase enzymatic modifications are important to 

function and stability [216]. Most cytosolic microtubules are polyglutamylated to some extent [217], 

however, the role of such modifications, and control of their enzymes during the cell cycle and 

ciliogenesis remain presently unknown. Microtubule associated proteins are associated with 

tyrosination [218] and acetylation, where these modifications concur with increased flexural rigidity 

[219] and kinesin-1 motor binding [220] (see Figure 1.12). For example in Chlamydomonas, tubulin 

of both A and B-subfibres was found to be tyrosinated, while detyrosinated tubulin occurred mostly 

upon the B-subfibre [221]. Furthermore, many studies [222] have revealed that the microtubules of 

the centrioles and primary cilia are resistant to microtubule depolymerising drugs, suggesting a more 

stable structure than the cytoplasmic microtubules. 

Poole et al., (2001) [97] utilised antibodies to locate acetylated α-tubulin and detyrosinated α-

tubulin, demonstrating that the cilium and centrioles in chondrocytes, as well as parts of the 

microtubular cytoskeleton of the cell, consisted of both acetylated and detyrosinated α-tubulin, with a 

subset of acetylated α-tubulin microtubules being associated with the Golgi apparatus [96, 97]. Post-

translational modifications of tubulin components determine microtubule stability and the ability to 

interact with associated proteins.  
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Section II – Functional Relations of the Cilium during the Cell Cycle 

 

1.30 The Cell-Centrosome-Cilium Cycle  

An enormous quantity of published literature reports attempts to probe the relation between 

the structure and function of the primary cilium and its environs. This basic structure, which appeared 

early in evolution, has subsequently remained basically constant in structure, yet has acquired new 

functionalities appropriate to particular specialised cells [3, 223-226]. Consequently, it is not 

surprising that the literature, which frequently reports on individual species ranging from algae to 

mammals, highlights variances in functional properties [223, 226]. Therefore, only generalities may 

be drawn at this stage in attempts to match structure with function.  

The centrosome is an inherited structure that functions as the main MTOC of the cell. As a 

controller of the cell cycle, the centrosome and the cilium are required as necessary structural 

components for cycle progression, and to act as a physical substrate for numerous regulatory proteins 

[120, 124, 145, 227-230]. The centrosome is composed of a diplosome, made up of two polarised 

orthogonal centrioles (each cylinder consisting of nine microtubule triplets) sometimes termed the 

‘mother’ and ‘daughter’, which once mature, become known as a basal body and proximal centriole of 

primary cilia [63, 105, 120, 230, 231]. Cell replication requires that the centrosome duplicates so that 

each new cell contains a diplosome. The evolutionary origins of eukaryotes, the centrosome and the 

cilium have been extensively reviewed [124, 222-234]. 

Basal body formation occurs at G1 (or G0) during ‘interphase’, when the mother centriole 

‘matures’ with distal and subdistal appendages and associates with the cell membrane, where it starts 

assembling a primary cilium (Figure 1.13) [3, 62, 63, 95, 120, 235]. Piel et al., (2000) [236] has 

revealed the dynamics of the mother and daughter centrioles during G1-phase, with the ‘daughter’, or 

the proximal centriole, undertaking excursions within the cytoplasm. Centriole replication starts near 

the onset of the G1/S boundary with the formation of immature procentrioles [237, 238] on the basal 

body and proximal centriole, which elongate during the progression of the cell cycle, until the cell 

contains two pairs of centrioles [63, 94, 239].  

At some point between the S-phase (DNA replication) and the G2/M transition [240], the 

cilium is resorbed (or severed [241]), freeing the diplosomes for the process of cell division [242], 

where each new cell inherits a centrosome [63, 105, 141, 243, 244]. Recently, Paridaen et al., (2013) 

[245] established that the cilium is not completely resorbed, but remains throughout mitosis, resulting 

in the ‘asymmetric’ inheritance of the centrosome. The cell-centrosome-cilium cycle concludes with 

entry of the newly divided cells into G1/G0-phase, with the formation of a new primary cilium upon 

the matured mother centriole [105, 240]. 

Cyclin dependent kinase-2 (CDK2) regulates control of the G1/S-phase transition, and is 

necessary for DNA replication as part of the progression of the cell cycle [110, 246-250]. Primary 

cilia have been ascribed a function as the ‘keeper of the key’ to cell division [235], since repression of 
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primary cilium formation leads to progression of the cell cycle [251]. The role of gene expression 

during the chondrocyte cell cycle has been reviewed by Schibler et al., (2009) [252], while the 

structure and duplication of the centrosome has been reviewed by Azimzadeh et al., (2010) [253] and 

Hinchcliffe et al., (2001) [254]. Cyclins and cyclin-dependent kinases, their interaction, localisation 

and cell cycle implications are tabulated within Appendix I. 

 

 

Figure 1.13 The Cell Centrosome 

Cilium Cycle: A composite 

demonstrating the cell and 

centrosome cycle through G1, S, G2, 

M and G0-phases [63]. Key events in 

the cell cycle include the formation of 

the mitotic spindle for mitosis (1), the 

presence of interphase microtubules 

(2), initiation of centriole replication 

through procentriole formation (3) 

and the formation and expression of a 

primary cilium (4). The exact details 

of specific aspects of the centrosome 

and the cilium cycle are still subject 

to debate [255, 256]. Modified from 

Nigg et al., (2002) [248], Vorobjev et 

al., (1982) [63] and Schibler et al., 

(2009) [252].  

 

 

1.31 Intra-Flagellar Transport (IFT) 

Intra-flagellar transport complex proteins are highly conserved across eukaryotes [257], and 

orchestrate the bi-directional microtubule transport of materials and macromolecules from the basal 

body to their required destinations within the cilium [23, 62, 101, 102]. IFT transport components 

[258] accumulate upon the basal body [259, 260] where they interact with the Bardet-Biedl Syndrome 

(BBS or BBsome) [46] family of proteins for the regulation of IFT assembly, ciliary protein targeting, 

re-cycling turnaround [261-264] and signalling [265], as well as for Golgi trafficking [66]. 

Comprising A and B-assemblies [62, 257] of at least 8 and 14 subunits respectively, the A-assembly 

is involved in retrograde transport, while the B-assembly participates in anterograde ciliary transport. 

Anterograde transport is known to utilise kinesin motor members KIF3A, KIF3B and KIF17, while 

cytoplasmic dyneins DYNC2H1 and DYNC2LI1 are utilised for retrograde transport [62, 257, 266]. 

IFT172 is reported to enable the dis-engagement of kinesin, and preferential activation of dynein 

motors [267, 268] (for a review of transport motors and IFT-components, see Ishikawa et al., (2011) 

[62], and Appendices III and IV. Electron microscopy of IFT particles reveals them as fine electron-

dense granules located between the membrane and the microtubule doublets of the axoneme, which 

are commonly found concatenated into transport trains or ‘rafts’ [269].  
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1.311 Ciliary Transport 

The mechanisms of IFT in ciliary function, regulation and signalling remain poorly 

understood [102, 258]. The exact roles of the kinesin and dynein motors involved within the cilium 

remain obscure, with KIF3C, KIF7, KIF19A and KIF24 members also having roles within the cilium 

(Appendices IV and V). KIF3 and KIF17 both serve as IFT-complex motors (joined by BBS7 and 

BBS8) [262, 270], with only KIF17 reportedly operating in the distal axoneme region [47, 270], 

where, in photoreceptors, it supports outer segment development [271]. KIF7 localises to the ciliary 

tips where it regulates Sonic Hedgehog (Shh) signalling, acting downstream of Smo and upstream of 

Gli [272, 273]. However, without its ligand, KIF7 is localised to the base of the cilium and only 

translocates to the distal tip upon activation [274], where it is suspected to play a role in Gli transport 

[275] and as a regulator of Gli transcription [272, 276]. KIF7 acts as a critical regulator in the Shh 

signalling cascade [272], restricting ‘suppressor of fused’ (SuFu), and promoting chondrocyte 

signalling in the growth plate [277]. 

The IFT-A complex with Tubby-Like protein TULP3 [278] promotes the trafficking of G-

coupled protein receptors into the cilium [279], additionally requiring the BBSome [280], as well as 

components of the Shh signalling pathway [281]. IFT-B may be required for the transport of Gli2, 

SuFu and KIF7, while the absence of IFT-A results in the failure of the ADP-ribosylation factor 

(ARF) like GTPase ARL13B, Adenylate Cyclase-3 (AC3) and Smoothened (Smo) to localise to the 

ciliary tip [281] (see Appendix I). Protein LZTFL1 regulates the trafficking of Hedgehog signalling 

pathway member Smo and the BBSome [282, 283]. 

 

1.312 IFT co-ordination 

 Little is known about docking and arrangement of IFT particles upon the basal body, or their 

transport preference for certain axoneme microtubules. Buisson et al., (2012) [261] and Absalon et al., 

(2008) [284] established in Trypanosoma brucei that IFT particles travel upon distinct, or ‘restricted’, 

subsets of axonemal microtubules. Retrograde trafficking occurs at a higher velocity than anterograde 

transport, although IFT trains have been observed to travel at different speeds, and their recycling is 

dependent upon ciliary length and the number of IFT particles in transit [261]. However, not all IFT 

particles present at the basal body participate in transport [261, 285].  

 

1.32 Primary Cilium Biogenesis 

 
Sorokin (1962) [95] first described the process of genesis of the primary cilium from the 

diplosome, where he documented initiation through a Golgi derived vesicle docking at the distal tip of 

the mature basal body (Figure 1.14). Cilium formation requires the intricate combination of many 

proteins and pathways. At present, incomplete information exists about their role. Sonic Hedgehog 

signalling pathways are certainly involved in ciliogenesis [286] and interpretation of their mode of 
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action is still on-going [287]. It has been found that Patch1 regulates Smo activity in a late endosomal 

sorting pathway [288], which is important for placement of proteins. 

Planar cell polarity effector Inturned, together with Dishevelled and Rho-GTPase act in the 

process of apical membrane docking [289], where Talpid3 is reported to influence actin localisation 

during docking of the basal body [73]. Wnt signalling also plays a role in ciliogenesis [289], involving 

shared components of the planar cell polarity pathway [290], since reduction of Wnt/β-catenin 

signalling has been found to disrupt ciliogenesis. Proteins of the Par3/Par6/aPKC cassette are also 

involved with ciliogenesis through control of kinesin motors [291], although many of these intricate 

processes are not yet fully understood [292].  

 CEP164 is required for vesicle docking to the basal body [293, 294], and ciliary assembly is 

initiated by Rab11-GTPase, the transport protein particle two (TRAPII) and Rabin-8 in the 

centrosome [295]. Rab8 is required for ciliary formation through vesicle docking and fusion at the 

base of the cilium and at the ciliary pocket [296-298] and facilitates membrane ciliogenesis with the 

clathrin adaptor protein (AP-1) [295, 296, 299, 300]. Components of the Exocyst complex (sec10 

[301]) and SNAREs are additionally required for ciliogenesis [302]. 

Centrosomal proteins CP110, CEP97 and CEP290 suppress primary cilium formation upon 

the mother centriole [303, 304]. CEP97 and CP110 are located at the distal end of the basal body and 

act to prevent maturation [305] where CP110 coordinates ciliary assembly [306]. For a review of 

regulation of vertebrate ciliogenesis see Santos et al., (2008) [223]. 

The transition fibres are required for physical adherence to the plasma membrane, but also act 

as docking sites for IFT particles involved in assembly and trafficking [307, 308]. Small GTPase 

ARL6/BBS3 regulates membrane protein transport into the cilium [283], functioning near the ciliary 

‘gate’, where it also incidentally plays a role in modulating Wnt signalling [309]. Components of the 

Exocyst complex are required for ciliary function [301, 310], and are downstream effectors of Rab8 

and Rab11 [311].  

Extension of the axoneme requires co-ordinated active transport of material into the ciliary 

‘bud’ using components derived from the cell membrane, and from transport vesicles. It is believed 

that materials are highly concentrated through intra-ciliary transport mechanisms, allowing for the 

elongation of the axoneme microtubules. Axoneme extension during initial ciliogenesis utilises 

MARK4 kinase [312] and requires microtubule associated protein EB1 [313]. Assemblage leads to 

formation of a ‘transition zone’ compartment, followed by the axoneme, and the distal tip, although 

the exact mechanisms are yet to be elucidated [62, 65, 244, 298, 302, 312]. 

Ciliary formation and assembly also requires various ancillary complexes to accumulate 

within the centrosome [55, 314]. These include many obscure proteins which form, regulate and 

maintain ciliary function [315] through regulation of IFT, microtubule processes of tubulin transport, 

specific poly-modifications [212, 316, 317], katanin mediated severing [318], and kinesin and dynein 

transport motors [319, 320]. Tubulin transport into the cilium has recently been reported to occur 
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through IFT74 and ITF81 [321, 322], which allows for the control of microtubule polymerisation and 

post-translation modifications [211, 321, 323], since IFT regulates turnover of the outer doublets 

[323], providing the structural substrate for transport and numerous regulatory processes [315]. The 

exact transport mechanisms, regulation and ciliary gating of materials required for ciliogenesis remain 

poorly understood. 

 

 

 
Figure 1.14 Biogenesis of the Primary Cilium: 

Ciliogenesis is believed to be initiated from the 
docking of a Golgi derived vesicle to the alar sheets at 

the distal end of the basal body, or from binding with 

the cell membrane (1). The ‘ciliary bud’ forms 

allowing growth of the transition zone enclosed by the 
ciliary membrane (2). Ciliary elongation continues 

where the cilium is surrounded by a peri-ciliary 

membrane ‘ciliary sheath’ (3), and subsequent fusion 

with the cell membrane allows externalisation of the 
primary cilium into the extracellular domain, and with 

displacement of the centrosome, sometimes forms the 

ciliary pocket (4). Reproduced and modified with 

permission from Garcia-Gonzalo et al., (2012) [302]. 

 

 

 

1.33 Entry of Material to the Cilium 

Conventional notions of transport of Golgi-derived material to the cilium suggests that the 

centrosome directs vesicle transport and fusion with the periciliary membrane at the base of the cilium 

[324]. This allows for the active fusion and transport of membrane bound components, and/or 

diffusion of vesicle contents into the cilium [300, 307, 325] (see Figure 1.15). The transition fibres act 

as an entry barrier or ‘ciliary gate’ [326, 327] for the regulation and targeting of IFT-complexes and 

their cargoes into the cilium [325] (with the fibres acting as docking sites for IFT52 [308]). IFT54 

interacts with Rab8 via the endocytosis regulator Rabaptin-5 [328]. Rab8 is also involved in 

promoting vesicle trafficking and ciliary assembly [298, 299]. IFT22 has a role in regulating the 

cellular pool size and number of ciliary IFT-particles [329], while IFT27 is associated with control of 

the cell cycle [330]. For a review of the function of IFT components, see Wood et al., (2012) [331]. 

As part of the IFT-B assembly, IFT20 plays a role in ciliogenesis, where it is also implicated 

in membrane protein transport from the Golgi [259, 328, 332], allowing for vesicle membrane 

transport and fusion at the base of the cilium [298, 307] (Figure 1.15). BBS proteins participate 

extensively in membrane trafficking and ciliogenesis [283, 307], IFT localisation of ciliary receptors 

[46, 48], membrane biogenesis [333], ciliary length control [334] and in cargo targeting to the 

centriolar region [335]. BBSome components influence and modulate Wnt signalling near the 

transition fibres [336, 337] and play a role in planar cell polarity [338]. 

1 
2 

3 
4 
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Figure 1.15 Golgi Derived Materials for Ciliogenesis: 

Ciliogenesis and ciliary maintenance require the regulated 

transport of specific cargoes and receptors to be delivered to 

the periciliary membrane. Components are sequestered from 
the Golgi apparatus through involvement of IFT20 and the 

BBSome in vesicular events, from where they are transported 

to the centrosome and made available for transport into the 

cilium by IFT-B (anterograde kinesin transport) and recycled 
via IFT-A (retrograde dynein transport). BBSome proteins 

BBS4 and BBS8 interact with the pericentriolar matrix 

protein PCM-1 surrounding the basal body. BBS1 cooperates 

with Rabin8 for Rab8-GTP bound mediated docking and 
fusion of vesicles at the membrane and ciliary pocket. Rab8 

regulates ciliary protein trafficking, and is controlled by 

Rabin8, whose activity and localisation is controlled by the 

BBsome and Rab11 [300]. Reproduced with permission from 

LeCroux (2007) [307]. 
 

 

 

Receptors such as retinitis pigmentosa-2 (RP2) require importin-β2 for ciliary entry [67], 

while KIF17 motor entry is governed by Ran-GTPase and importin-β2 [339, 340]. Curiously, the 

KIF17 c-terminal tail domain possesses both ciliary and nuclear localisation sequences [67, 339], with 

inhibition of Ran-BP1 disrupting distal localisation of KIF17 [339, 341], since importin-β2 controls 

ciliary entry [339]. Ran members and initiation processes are important for a host of cytosolic and 

nuclear functions [67, 342], where control of centrosome activity and ciliary entry is known to utilise 

β-arrestin [343]. 

 

1.34 Ciliary Localisation Sequences 

Many key receptors and their adaptor molecules share complex interactions in which their 

localisation requires specialised signalling for their proper inclusion into ciliary processes [326, 344, 

345]. This is believed to be achieved through ciliary targeting motifs that are required for the orderly 

transport of proteins and macromolecules from the Golgi to the cilium [297, 300, 325 307, 346, 347]. 

Many details of the mechanisms of ciliary receptor transport, localisation, turnover, cell specificity, 

downstream signalling effects and their partners presently remain little known [348]. Ciliary receptors 

which are known to have localisation sequences include smoothened (Smo) [337], polycystin-1 

(PC1/TRPP1) [349], polycystin-2 (PC2/TRPP2) [350], retinitis pigmentosa protein (RP2) [349], opsin 

[325], rhodopsin [351], fibrocystin [352], somatostatin (SSTR3) [325], serotonin (5HTR6) [353] and 

melanin concentrating hormone (MCH) [354]. 

Some ciliary proteins also reportedly contain nuclear localisation sequences, including 

transient receptor potential (TRP) vanilloid member OCR-2 [355], the KIF17 c-tail [67], the PC1 c-

tail [356], Sonic Hedgehog Gli family members [357] and G-coupled receptor kinase GRK5 (which 

includes a DNA binding motif [358]). 
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Localisation of ciliary messengers to the nucleus is requirement for Notch signalling [359], 

for Dishevelled function in Wnt/beta-catenin signalling [360], in components of Hedgehog signalling, 

and for Gli transcriptional activity, regulated by cyclic-Adenosine Mono Phosphate (cAMP) [361]. 

Protein c-terminal residues are likely critical for recognition and localisation for ciliary targeting, 

where trafficking takes place by several molecular processes, which can vary between proteins of the 

same family [354]. The ‘VxPx’ targeting motif [354, 362] utilises GTPases, ARF4 and Rab11, the 

Rab11/ARF effector FIP3, and the ARF GTPase-activating protein ASAP1 [362]. At present, an 

incomplete picture exists of the mechanisms of targeting of many ciliary proteins. 

 

1.35 Dynamic Control of Ciliary Length 

The length of the primary cilium is influenced by external factors such as mechanical load, 

fluid shear, osmotic challenge and heat induced shortening [255, 363-365]. Cilia may lengthen 

following injury [366], or in response to certain soluble cations [363]. Wilsman [27-29] observed 

variation in microtubule doublet lengths within the axoneme, which may indicate that length 

regulation is a dynamic process, with each doublet being subject to individual control mechanisms. 

Ciliary length is under the control of IFT, which balances the continuous turnover of the 

microtubule doublet tips [323, 363, 367]. It is not yet known how differences in microtubule doublet 

lengths occur, as the regulatory mechanisms of ciliary dynamics and cell cycle remain as yet unknown 

[284]. Kinases LF4 and CNK2 are reported to determine the length of cilia in Chlamadymonas 

reinhardtii by controlling the rate of assembly and disassembly [368] through increasing IFT traffic 

and halting anterograde cargo loading [369]. 

Other ciliary components involved in length regulation include Septins-2, 7 and 9 (with 

MAP4) [370], galectin Gal-7 [371] and ciliary associated kinesins KIF19A and KIF24. KIF19A is 

observed to reduce microtubule length through depolymerisation at the tip in mammals [372], whilst 

KIF24 contributes to microtubule remodelling and depolymerisation. It also interacts with 

centrosomal proteins CP110 and CEP97 in HEK cells in culture [305]. Interleukin-1 has been found 

to increase ciliary length in chondrocytes through a protein kinase pathway [366]. The Rer1p protein 

regulates ciliary length through recruiting γ-secretase and Foxj1 [373], and Rer1p is also reported to 

be necessary for endoplasmic reticulum protein retrieval, where it cycles between the Golgi [374].  

 

1.40 The Ciliary Membrane 

The ciliary membrane is a lipid bilayer structure of unique composition, enclosing the 

axoneme, enriched with lipid rafts of specific components, receptors and their luminal mediated 

processes, which vary in their abundance along the ciliary membrane [345, 375]. Differing from both 

the periciliary and plasma membranes, it is greatly enriched in sterols, glycolipids and sphingolipids 

relative to the plasma membrane [376, 377]. External to the membrane is a glycocalyx of 

glycoproteins, which are involved in adhesion and signalling, as well as interacting with fluids, 
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solutes, osmolytes, and signalling molecules [345, 378, 379]. They may also be influenced by 

compression induced electric fields in cartilage [380]. Regions of ciliary membranes may vary in their 

charge density [381], as ferritin labelling has revealed negatively charged sites located in association 

with fine filaments [49] and at ciliary necklace sites [49, 382]. The presence of ciliary necklace, 

plaques, rosettes and longitudinal rows indicates a higher order of complexity in the membrane, which 

is supported by the presence of membrane linkages aligned with the microtubules [52] (Figure 1.4). 

As yet, the spatial and functional interaction between ciliary receptors and the linkages remains 

obscure [383].  

Receptors become localised to the membrane after ciliogenesis, and their proper function is 

dependent on correct sorting, trafficking and placement within the ciliary membrane [345, 383-385]. 

Localisation of receptors and their components within the cilium usually requires IFT [281], while 

Rab-effector related proteins Rilpl1 and Rilpl2 [386] regulate ciliary membrane content. Much 

remains unknown with regard to receptor entry, regulation, and sorting within the cilium [297].  

In flagella, membrane localisation of specific proteins may occur on lipid ‘rafts’ [377], where 

some receptor clusters (such as epidermal growth factor receptor EGFR) are known to vary in size, 

and to be associated with cholesterol and sphingolipids [387]. Many membrane receptors occur in 

close proximity to the axoneme microtubules, and their organisation appears to regulate polycystin-2 

(PC2) signalling [388], while the transient receptor potential vanilloid-4 (TRPV4) [389] channel is 

known to form complexes with regulatory kinases enabling roles in cytoskeletal interactions and 

microtubule depolymerisation [390].  

Proteins within the cilium and its membrane undergo preferential turnover, influencing 

function [391, 392]. An extreme example is the photoreceptor cilium, which is estimated to contain 

10
9
 rhodopsin (GPCR) molecules in 10

3
 photo-sensitive stacks [297]. In the murine photoreceptor, 

opsin is delivered to the base of the cilium, and transported along the ‘connecting cilium’ for forming 

new photoreceptor membranes at 2000 opsin units per minute [393], indicating that this cilium is a 

highly ordered and regulated structure capable of rapid molecular transport [394]. To maintain ciliary 

function, proteins must be actively transported from the Golgi to the centrosome, from where they are 

actively vectored into the cilium. The regulated transport of Golgi-derived receptors and structural 

proteins remains largely unknown, however many proteins possess ‘ciliary targeting sequences’ 

enabling active directed transport [297]. The Taurine transporter, for example, has a high expression 

in the primary cilia of NIH3T3 fibroblasts (Appendix I). 
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1.41 The Cilium: Receptors and Luminal Components 

 
Primary cilia are ancient specialist compartments for the detection, amplification and 

transmission of a wide range of signals. For example, the murine photoreceptor sensory complex 

[132] is reported to contain over 2000 proteins
4
 specific to or involved with, ciliary function [38, 40]. 

Primary cilia utilise various membrane receptors, channels and signalling components whose 

transport and function is tightly controlled [17, 48, 297]. Figure 1.16 illustrates an abbreviated 

summary of known ciliary membrane receptors, and associated luminal and structural components, 

that are listed in further detail in Appendix I. 

Depending upon its sensory requirements, the ciliary membrane and lumen may contain 

specialist receptors and downstream components for Notch [395], Wnt (Frizzled, Dishevelled, Chibby 

and Inversin) [396], Hedgehog (Smo, SuFu, Patched (Ptch) and Gli1-3) [69, 396, 398, 399, 400, 401] 

and platelet derived growth factor receptor (PDGFRα) [384] signalling pathways. Many other 

receptors allow for a wide range of physiological signals to be transduced [402], while structural and 

luminal associated proteins like the Nephrocystins (NPHP) and IFT-complexes influence the dynamic 

support of many receptors whose full function in the cilium remain to be determined. Appendix I 

details known receptors, interactions, signalling cascades, structural proteins and some of the diseases 

resulting from loss or mutation of known genes [1]. These represent only a small number of the 

proteins believed at present to be involved within the cilium, however not all of these receptor 

proteins have been shown to be present upon chondrocyte primary cilia.  

 

 

                                                 
4
 http://www.ciliaproteome.org/ 

http://www.ciliaproteome.org/
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Figure 1.16 The Primary Cilium: The distal, middle and transition zones projected from the basal body. The ciliary 
membrane has been shown to contain numerous receptors and their associated components of several signalling pathways, 

although not all are present within every cilium. These are activated by a variety of extracellular signals and ligands, as well 

as from mechanotransductive forces acting upon the cilium. Small forces may result in the localised distortion of the ciliary 

membrane, while larger forces may translate into bending of the microtubule doublet based axoneme. Ciliary functionality is 
maintained by microtubule based anterograde and retrograde bi-directional intra-flagellar transport components, which are 

organised from the basal body. These transfer receptors, structural proteins and regulatory complexes are vital for 

maintaining ciliary homeostasis. Details of these components are tabulated within the Appendices. 
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1.42 The Cilium and the Extracellular Matrix 

The primary cilium is known to interact with the extracellular environment, and convey 

information to the cell, for example, the membrane of the chondrocyte cilium has been observed to 

interact with collagen fibres and proteoglycans of the extracellular matrix [25, 26, 97]. Cartilage 

extracellular matrix has been found to contain matrix vesicles [403] and a variety of signalling 

molecules intrinsic to the roles of development and homeostasis of the chondron [404, 405]. The 

chondrocyte ciliary membrane is known to contain matrix receptors of α2, α3, β1-integrins and NG2, 

but not for of Annexin-V and CD44 (see Section 1.90), indicating that the ciliary membrane is only 

selective for certain matrix connections [25, 26, 97, 100]. β1-integrins on MDCK epithelial cell 

primary cilia are reported to detect fluid flow following deflection via fibronectin induced Ca
2+

 

signalling in association with PC2 [34, 406, 407]. 

It is widely known that proteoglycans are important signalling components in many cell 

pathways [209, 408-410] with their role in the chondrocyte matrix being particularly important for 

differentiation [411]. The heparan sulphate proteoglycans [412] (syndecan, glypican and perlecan 

[410], see Section 1.86 - 1.89) are signalling components of the pericellular microenvironment [413]. 

Glypican-5 (GPC5) core proteins containing heparin sulphate and 2-O-sulpho-iduronic acid are 

reported to be involved with Sonic Hedgehog as co-receptors [414], assisting in binding of Hh to 

Patched1. GPC5 increases binding of Shh to Patched1, conversely GPC3 inhibits this interaction 

through competition for Shh [415, 416]. Li et al., (2011) [415] argue that Glypican-5 binds to primary 

cilia, and stabilises interactions between Shh and Patched1, facilitating signalling. The solubility and 

diffusion of Hedgehog ligands within the extracellular matrix may depend not only upon their 

modification, but also on their interactions with the matrix [417, 418], while Wnt protein 

concentration may be influenced by the concentration of matrix at the cell membrane [419]. Recently, 

TGF-β signalling is reported to occur through clathrin-dependent endocytosis at the ciliary pocket, 

where receptors localise to the ciliary tip and clathrin vesicles at the base of the cilium [420]. For a 

review of signalling in cartilage development, see Brochhausen et al., (2010) [404] and Kirn-Safran et 

al., (2004) [410]. 

 

1.43 Signalling and Mechanotransduction 

The ciliary membrane provides a large surface area to volume ratio for detecting and 

amplifying external chemical stimuli. Electrical signals from patch clamped primary cilia have 

recently been measured, indicating the presence of conducting channels and secondary messengers 

[421], however the majority of studies on primary cilia have examined their role as flow sensors in 

epithelia, with few studies being concerned with mechanical loads experienced by the cilium within a 

cartilaginous matrix [422]. Many receptors have been identified localised to primary cilia, but in 

connective tissues, their full role in, for example, chondrocytes remains unknown [423]. Channels of 

the transient receptor potential (TRP) family members participate in a wide range of sensory 
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modalities [424], and each is specific to one of a number of stimuli; mechanical [407, 425], light 

detection [132], oxidative stress, tonicity changes [426, 427], pH, temperature and sensitivity to 

chemical species [428]. 

Praetorius and Spring (2001) [34] established that primary cilia acted as flow sensors in 

MDCK cells, for mechanical bending induced an increase in intracellular Ca
2+

 concentration, and this 

was communicated to adjacent cells. Nauli et al., (2003) [425] later found that Polycystin-1 (PC1) and 

Polycystin-2 (PC2) ion channels were responsible for mediation of mechanotransduction in renal 

primary cilia (Figure 1.17). PC1 and PC2 are well known to form a membrane bound mechano-

molecular complex localised to the primary cilium [406, 429, 430] (Figure 1.17). PC1 contains a 

lengthy extracellular component responsible for mediating kidney cell mechanotransduction [425, 

431]. PC1 is known to interact with PIP9 [432] and influences transcription factor Jade1 [433], for 

cleavage of the PC1 c-tail domain may control β-catenin and canonical Wnt signalling [429]. PC2 is 

responsible for angiotensin II-induced Ca
2+

 signalling [407, 434], and may include other binding 

partners EGFR, TRPC1, TRPC4 [434], and TRPV4 (which is mechano- and thermosensitive) [428, 

429, 435], although many aspects of their ciliary roles remain unknown. In chondrocytes TRPV4 acts 

as an osmotically sensitive Ca
2+

 channel, and its loss results in osteoarthritic matrix changes [436]. It 

also plays a role in regulation of chondrogenic differentiation [437].  

 
Figure 1.17 The PC1/PC2 

Mechanotransduction Complex: The 

PC1/PC2 complex contains an extra-cellular 

PC1 (polycystin-1 or PKD1) domain, and 

the PC2 (polycystin-2, PKD2 or TRPP1) 

Ca2+ cation channel which are both defined 

by a shared complex trans-membrane loop, 

accompanied by extracellular and 
intracellular components which interact at 

their c-terminal domains. Extracellular 

stimulation of the PC1 protein is responsible 

for activating the PC2 channel, where PC1 
c-terminal cleavage is controlled by PC2 

expression. Reproduced and modified from 

Zhou et al., (2009) [429].  

 
 

 

 

 

1.44 Purinergic Mechanotransduction 

Purinergic family members are composed of two groups; P2X ATP-gated ion channels, and 

P2Y G-coupled receptors. P2Y1, P2Y2, P2X2, P2X4 and P2X7 have been identified upon 

chondrocyte membranes [438] (Appendix I). Purinergic mechanotransduction in chondrocyte cilia had 

been speculated upon [438, 439], since the cilia of cholangiocytes are known to utilise P2Y12 

purinergic receptors as chemosensors [440]. It has been demonstrated that cilia of compressed 

chondrocytes mediate mechano-transduction through ATP-induced Ca
2+

 signalling [422, 441], but 
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they are not necessary for the initial stage of induced ATP release. They are however required for 

exogenous detection of ATP [422]. Connexin-43 hemichannels have also been located upon the 

ciliary membrane [438] and are believed to provide an avenue for release of ATP in response to 

mechanical loading in chondrocytes [422]. Mechano-transductive purinergic Ca
2+

 signalling may be 

regulated by PC1 in the chondrocyte cilium, which could also mediate control of ATP reception 

[422], since the proteolytically cleaved PC1 tail is known to translocate to the nucleus for STAT6 

gene activation [442]. Activation of the G-coupled receptor Smo [443] results in the targeting of Gli, 

altering transcription and gene expression [398, 444] while Gpr161 negatively regulates the Shh 

pathway through cAMP signalling [445]. Such cAMP dependent processes are central to ciliary 

signalling. 

 

1.45 Ciliary Polymodal Sensory Function 

Ciliary mechanosensitive molecular pathways are believed to be shared, but also vary 

between cell types [446, 447], where some utilise the cAMP pathway instead of Ca
2+

 signalling. 

Adenylyl cyclases AC3, AC4, AC6 and AC8 have been identified within the cilium, and are required 

for the production of cAMP (Appendix I). Hoey et al., (2012) [448] indicated that ciliary 

biomechanical transduction in bone cells is distinct from that in the kidney distal epithelium. It is 

believed that osteocyte cilia transduce flow via AC6 and cAMP, independent of extracellular Ca
2+

,
 

resulting in protein kinase-A cascade signalling [447, 

449]. Renal cilia are believed to transduce flow as a 

result of Ca
2+

 entry through the TRPV4/PC2 membrane 

domain as well as utilising PC1 cleavage for signalling 

[425, 428 447, 448] (Figure 1.18). It is reported that 

AC6/cAMP [449] signalling is preserved through the 

osteocyte linage in mesenchymal cells [448, 450]. It is 

probable that similar signalling modalities may occur in 

chondrocyte primary cilia. 

 

Figure 1.18 Proposed Mechanism of Flow Induced Ciliary 

Ca
2+

 and cAMP Signalling Modalities: Extracellular Ca
2+

 

may enter the cilium through either the PC1/PC2 or from 

TRPV4 channels form a polymodal sensory channel complex 

[428]. Cell phenotype is believed to determine the signalling 

modality utilising PC1/PC2 and / or TRPV4 Ca
2+

 entry, 

adenylate cyclase-6 initiating intracellular Ca
2+

 release. 

Cleavage of the luminal PC1 tail results in nuclear 

localisation via STAT6 and P100. Reproduced with 

permission from Kwon et al., (2011) [447].  

 
PC2 ciliary Ca

2+
 entry modality occurs in nodal, osteocyte, cholangiocyte, vascular 

endothelial and kidney epithelial cells, while kidney and vascular cells also utilise PC1 c-tail cleavage 
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in signalling and nuclear localisation [356, 447], including transcription activation in T-cells [451]. 

Loss or altered functionality of ciliary polycystin is implicated in polycystic kidney disease [452] and 

the growth of renal cysts [453]. It has been shown that while fluid induced movement of the primary 

cilium results in PC2 activation, the transductive cellular response also requires feedback from 

combined components of the cell cytoskeleton and the extracellular matrix [454]. 

Fibrocystin/polyductin (PKHD1) serves as a bi-directional signalling molecule, which may undergo 

Notch-like cleavage of its extracellular domain [48, 455] (Appendix I). 

In connective tissues, a network of mechanically interconnected collagen fibres and 

proteoglycans surrounds chondrocyte cilia, which if bound through integrin and NG2 matrix receptors 

may provide a physical link to the many possible receptors within the ciliary membrane [25, 100, 456, 

457]. Integrins are also reported to potentiate fibronectin induced Ca
2+

 signalling in renal cilia [458], 

although it remains to be seen which other channels may play a role in mechanotransduction within 

connective tissues. It is not possible to discuss all known primary ciliary receptors in detail, or 

receptors that could be specific to the chondrocyte. 

 

1.50 The Centrosome: The Central Processing Unit 

The centrosome contains functional groups of proteins involved in microtubule nucleation, 

anchoring, duplication, cell cycle, and primary cilia regulation (reviewed by Alieva et al., (2008) 

[120]). The centrosome is an inherited structure [229, 459-461] and functions as the main microtubule 

organising centre of the cell [138, 145] as well as the controller of the cell cycle [124, 459, 461]. It is 

required for cell cycle transitions and as a substrate for numerous regulatory proteins [109, 461, 462]. 

Microtubules are polarised dynamic structures [463] which extend with a defined orientation 

originating from γ-tubulin ring complexes (γ-TuRC) [118, 135, 189, 198, 461], some of which attach 

to the basal appendage docking complexes, while others are anchored within the PCM lattice ‘cloud’ 

surrounding the diplosome [105, 464-466]. Numerous molecules are involved in microtubule tubulin 

polymerisation and depolymerisation, as well as severing.  

 

1.501 The Centrosome, the Cytoskeleton and Transport 

The centrosome is the main director of the primary cilium, and also contains functional 

groups of proteins involved in a wide range of cellular functions. Control of cell cycle, planar cell 

polarity, organelle transport and motility requires coordination of the cytoskeleton. The cytoskeleton 

consists of a dynamic interplay of actin microfilaments, intermediate filaments and microtubules. 

Microtubules are dynamic directional structural conduits involved in cell movement, polarisation, cell 

cycle, cytokinesis and pathogenesis. The physical ability of actin microfilaments and tubulin 

microtubules to dynamically assemble and disassemble as required permits their use in the physical 

transport of vesicles, organelles and for signalling. During interphase, intermediate filaments and 
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microtubules radiate from the organising centre of the centrosome, while actin microfilaments 

associate with the cell membrane [120, 141].  

Cytoskeletal molecular transport motors are ATP-dependent nano-actuators consisting of 

three classes; kinesins, dyneins and myosins, which are responsible for driving directional movement 

for the transport of materials, vesicles, organelles and cytoskeletal dynamics within the cell [120, 188, 

270, 467-472]. Myosins are microfilament transport motors, while dynein and kinesin family 

members facilitate the directed transport along microtubules. The Kinesin family of proteins are 

anterograde transport motors (except family 14B members [270]), while dynein family members 

facilitate retrograde transport [270, 473]. The majority of structural information concerning these 

motors comes from studies using crystallography and electron tomography [474]. X-ray 

crystallographic structures of various conformation states are known for members of kinesin [475], 

dynein [476] and myosin motors [474]. Motor complex components bind to different receptors [477, 

478] along with the dynein interaction complex dynactin, which is a multi-unit protein that normally 

directs retrograde traffic [473]. 

The spatial regulation and ‘interactome’ of microtubules, their motor cargo interactions, 

transport specificity and signalling remain poorly understood [120, 146, 147, 158, 186, 477, 478]. 

These aspects include specific movement of cellular components of the cytosol, the nucleus, 

mitochondria, endoplasmic reticulum, centrosome, and the Golgi [479, 480]. Functional interactions 

of kinesin and dynein member motors are central to both ciliary and non-ciliary transport alike, where 

they are utilised in a host of cytoplasmic processes for signalling, regulation and organelle trafficking 

(tabulated in Appendices II, III and V). Ciliary processes are known to selectively utilise only 

cytoplasmic dynein DYNC2LI1, DYNC2H1 [492] and kinesin family members KIFs 3A, 3B, 3C, 7, 

17, 19A and 24 (where IFT-complexes utilises KIFs 3A, 3B, and 17).  

 

1.502 The Kinesin Family 

The crystal structure of kinesin domains consists of two synchronous motor domains existing 

as a tetramer of two homodimers roughly 8 × 5 × 5 nm in size [474, 481-483] (Figure 1.19). Each 

motor can generate a force up to 7 picoNewtons [484] (although ATP and Mg
2+

 concentration may 

influence kinesin performance [485]), involving steps of 8 nm, the corresponding length of the tubulin 

α-β dimer [474]. Kinesin contains many subfamily members that exhibit a variety of properties, 

sharing similar evolutionary structural properties to the myosin 

family [471, 472, 474]. Eukaryotic kinesins consist of a conserved 

ATPase core and many isoforms, alternative splicing and variable 

sub-assemblies allowing for a variety of cargoes to be transported 

[270, 471, 472].  

Figure 1.19 The Kinesin Motor: A molecular model of the crystal structure of 

kinesin member kinesin NCD (1N6M) [475] obtained from the PDB protein 

databank [486] viewed in the Swiss-PDB viewer [487]. 



34 

 

1.503 The Dynein Family 

Dynein consists of a diverse family of proteins whose components participate in a range of 

cellular functions [488, 489]. There are two classes of dyneins; axonemal and cytoplasmic [489, 490]. 

Cytoplasmic dynein complex naming nomenclature varies [491], since dynein is built around 

respective DYNC1H1 and DYNC2H1 units, and these have been reviewed [492] (Appendix III). 

Dynein generates forces of around 1.1 pN [493], and although the output is similar to kinesin motors, 

it is speculated that dynein output may be tuned for transport needs in response to load [473, 493]. 

Crystal structure studies of dynein motors [476, 494] have revealed them as high molecular weight 

homodimers of 1-2 MDa, consisting of a central head complex and a long tail [495], which contains 

significant residues involved in cargo binding [496]. Regulation of dynein properties is known to 

occur through three cofactors, the dynactin complex, lissecephaly-1 (Lis1), and nuclear distribution-E 

(NudE) proteins [496, 497], and these determine its motile properties [471]. Lis1, NudE, and Rab6A 

are involved with the centrosomal and nuclear localisation of dynein [473], in which the Lis1 enzyme 

is an initiation factor for dynein transport [498, 499], and Rab6A removes Lis1 from the idle dynein 

complex and promotes retrograde movement [500]. Lis1 is recruited to dynein by NudE, to regulate 

motor force production [501]. 

Cytoplasmic dynein isoforms-1 and 2 mediate vesicular transport, while dynein-2 has in 

addition ciliary and Golgi functions [502]. Dynein binds to centrosomal protein pericentrin (via 

DLIC-1) [471] and transport regulatory components such as the glucocorticoid receptor [503]. 

Dyneins may also have specific membrane functions within the cell for the transport of organelles and 

signalling [270, 504], as well as in maintaining the Golgi apparatus [492, 505], since dynein 

dysfunction disrupts intracellular vesicle trafficking [506]. Appendix III details the known roles of 

dynein family members. 

 

1.504 The Dynein Activator - Dynactin  

The dynactin transport complex [507] consists of a filament 37 nm in length and 10 nm wide 

(resembling F-actin) comprised of globular protein heads [508], and a molecular mass 1 ×10
6
 Da 

[473]. It is responsible for bi-directional microtubule transport [509] (acting through dynein and 

kinesin motors), as well as a wide range of regulatory interactions [120, 473, 507, 510], and is also 

required for microtubule anchoring within the centrosome [511]. As a regulator of dynein and kinesin 

function [507], it is involved in vesicle transport [513], cell cycle and cell division [514, 515, 516]. 

Dynactin is a multi-protein complex involved in linking cargo [517, 518] and it consists of many 

subunits [507] (Figure 1.20). Dynein microtubule transport depends upon complex interactions 

between dynein, the dynactin regulatory complex, linkage proteins spectrin-βIII, ZW10 [519] and 

syntaxin [520]. Arp1 vesicle binding occurs through spectrin-β, allowing binding to Golgi spectrin, as 

well as containing two microtubule-binding domains [5, 507, 521].  
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Figure 1.20 The Dynein Motor and Dynactin Complex: [A] The dynein motor complex consists of two hexameric ATPase 
modules and intermediate chains. [B] The dynactin complex consists of a p150 arm that binds with the dynein intermediate 

chain (also containing a microtubule binding domain) which is connected to Arp1 (and other components), allowing binding 

to spectrin upon membranes. Reproduced and modified with permission from Yadav et al., (2011) [518] and Kardon et al., 
(2009) [473]. 

 

During interphase, dynactin accumulates in the centrosome for a cell cycle specific role in 

which dynactin influences microtubule function and components of the PCM [511, 514]. It is found 

localised to endocytic organelles and vesicles in the Golgi region [522], while spectrin-βIII regulates 

secretory protein and Golgi integrity [521]. Dynactin subunit p150
Glued

 is found localised to the 

maternal centriole [514], where it and other pericentrally located subunits provide as yet unknown 

regulatory roles related to the recruitment of materials, signalling, transport of organelles and the cell-

cycle [120, 507, 515]. KIF3A interacts with p150
Glued

 for the organisation of basal feet [523]. Loss of 

p150
Glued

 from Arp1 results in microtubule disorganisation [507, 514]. The dynactin p50 sub-unit 

interacts with CEP135 in the centrosome, playing a role in assembly and maintenance of the MTOC 

[524]. 

Dynactin subunit-1 (DCTN1) interacts with BBS4, where it is involved in microtubule and 

cargo anchoring within the centrosome [335] (Appendix I). p50 and Golgi-Rab6 bind to biclaudin-D 

[473], while Rab6A [525] regulates the recruitment of the dynactin complex to membranes of the 

Golgi [526], where it is involved with intra-Golgi and Golgi-endoplasmic reticulum trafficking [525]. 

Rab7 is involved with p150 in the late endosome mediating fusion [473]. Interactions with spectrin-

βIII attachment via Arp1 are required for long-range vesicle transport [473, 510]. 

Dynactin regulates bi-directional transport of both dynein and kinesin [471], and dynein, 

kinesin-2 and kinesin-5 are known to interact with p150
Glued

 [473]. The dynactin adaptor complex 

links to dynein between the intermediate chains and p150
Glued

, where it facilitates a diverse transport 

array, including vesicle transport of material from the endoplasmic reticulum to the Golgi [473, 517]. 

In this process, Rab6 acts as a membrane receptor, and also binds p50 to dynactin and biclaudin-D 

[473]. Rab6-biclaudin-D binding is important for Golgi function, where it is reported to inhibit Golgi 

fragmentation [527]. 

Kinesin-2 and 
Kinesin-5  
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Most cellular dynein activity requires the dynactin complex [507, 509], disruption of which 

inhibits endoplasmic reticulum to Golgi transport and leads to re-arrangement of the Golgi and the 

endosomal/lysosome system [511, 528]. Independent vesicle transport from the Golgi to the ER-

COP1 requires biclaudin-D for recruitment of the dynein-dynactin complex [525]. Cell division 

control protein CDC42, dynein and dynactin are reported to be involved with orientation of the 

MTOC and Golgi in migrating cells [529] (see Section 1.61). It is believed that dynactin regulates the 

presence of dynein at specific cytosolic locations, providing linkage to cargoes and adaptor molecules, 

although complete understanding of these processes is presently lacking. GTPase family members 

function at specific subcellular compartments [473], where they may provide a link between dynein 

and regulatory protein function [530]. 

 

1.51 The GTPase Family Members 

The GTPase superfamily contain four well known subfamily members Arf, Rab, Ran and Ras 

and with their effectors and regulators are involved with most aspects of signal transduction, cell 

cycle, cell migration and intracellular function [531-536]. GTPases are involved in signal transduction 

at the intracellular domain of many trans-membrane receptor proteins, in cellular control, cell 

polarity, protein synthesis, cytoskeletal dynamics, transport, and vesicle targeting as well as 

membrane organisation [342, 537-539]. Switching is achieved through the hydrolysis of the GTP 

form to the inactive GDP state [534].  

Members of the Ras family of GTPases are involved in cell division, differentiation, and 

cytoskeletal dynamics [540-543] as well as in apoptosis and cancer progression [543]. For example, 

B-cell lymphoma protein (BCL-2) and Ras-GTPase may determine regulation of cell fate [543]. Rho 

is a subset of the Ras family [532] whose members RAC1, CDC42 and RhoA are involved in gene 

expression and cell proliferation [544], as well as in regulation of cytoskeletal and cell division. 

RhoA-mediates cytoskeletal actin enrichment for ciliogenesis [545], with Meckelin and Nesprin 

proteins being required components for primary cilium formation [546, 547]. RhoA plays a role in 

cytoskeletal dependent functions in hematopoietic stem cells [548], with its centrosome associated 

kinase p160ROCK regulates centrosome position [549]. Rho-family members are involved with 

pathways of adhesion signalling between matrix and integrins [550], as well as cell shape and motility 

[551] in cell migration, requiring alteration of the centrosome, cytoskeleton and microtubules [543, 

552]. Rho, Rac and CDC42-GTPases also regulate the formation of cell-matrix focal adhesion 

complexes, control polarity, adhesion during cell migration, as well as assisting with the 

reorganisation of the actin cytoskeleton in response to mechanical forces [550, 553, 554] 

 Ran is involved with ciliary entry [555], ciliogenesis [341], centrosome division [556], in 

nuclear entry [547] and is required for centrosome microtubule organising activity [558]. The ARL-

GTPases regulate several different aspects of centrosome microtubule function and polymerisation 

[559, 560]. Zhang et al., (2013) [561] reviewed the role of the Arf-like GTPases ARL3, ARL6 and 
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ARL13 and their vital functional roles within the cilium. ARL3 is reported to be a negative regulator 

of ciliogenesis, but it is required for functionality of the IFT-B complex and interacts with NPHP3. 

ARL6 is required for signalling (where it functions within the BBSome) while ARL13 is required for 

both ciliogenesis and functional IFT-targeting of receptors (such as PC2 [562]). Furthermore, 

ARL13B, with CEP164 is reported to be involved with INPP5E for targeting to the cilium [347].   

A full review of the GTPase members and their intrinsic cellular and ciliary roles is beyond 

this thesis; however, their importance in driving transport, vesicular processes and signalling is 

complex and fundamental to ciliary function. Cross-talk occuring between GTPase families has 

recently been reviewed by Derectic et al., (2013) [563] (for example Rabs and ARF-members for 

ciliary transport), where family members coordinate to control cell shape, motility and functionality of 

the Golgi [539].  

 

1.511 Function of Rab Family Members 

Rab-GTPases represent the largest branch of the Ras superfamily [564]. Intracellular vesicle 

trafficking is partially regulated by Rab-GTPases and their effector proteins, which determine 

temporal and spatial regulation of vesicle trafficking [565]. The role of Rabs as master regulators, 

their effectors, interactions and organelle specific roles has been extensively reviewed [535, 538, 566- 

568]. Rab family members participate in cytoskeletal transport motor processes [565, 569], as well as 

membrane based vesicle formation and fusion [538, 567]. These involve enzymes, elements of the 

cytoskeleton, and soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) 

[570] which control the specificity of docking and fusion processes [571]. Together with vesicle coat 

proteins they enable a wide range of cellular functions [572] which mediate the intracellular 

destination of vesicles [573], vesicle fusion and motility [535]. The Rab family of proteins and their 

effectors allow precise control over endo- and exocytotic processes [574], membrane bound vesicles 

(and their contents), providing a wide variety of cellular functions, including those within the cilium 

[566]. Aspects of Rab expression may vary between cell types [575] and within the cell cycle, where 

it is reported that differential regulation of Rab expression modulates cell maturation [576]. Rabs and 

their effectors are also essential for viral infections [577], such as hepatitis-c replication [578], and are 

associated with pathologies ranging from protein trafficking disorders [579] to cancer [580]. Various 

mechanisms are involved in prevention of Rab overlap and dysfunction [567]. Rabs are function as 

master regulators of cellular membrane bound trafficking, sorting, and targeted fusion, however their 

temporal expression is still unknown [567, 576]. A select list of Rab members involved in ciliary and 

organelle function is contained in Appendices II and III. 

 

1.512 The Cilium, Rabs and GTPases 

As a specialist organelle the cilium represents a novel ‘compartment’ in which Rab5, Rab6, 

Rab8, Rab10, Rab11 Rab17 and Rab23 are selectively involved with ciliary genesis and function 
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[300, 538, 563, 581] (Appendix II). Of those Rabs involved in the cilium [300], some are involved in 

vesicle and membrane fusion, as well as serving secondary functions. While Rab-GTPase membrane 

trafficking regulators Rab8a, Rab17 and Rab23 are known to be required for ciliogenesis, only Rab8 

is reported to be present within the cilium [299]. Rab23 regulates Smo levels [582], while Rab8 

localisation to the cilium requires CEP290 and PCM-1 [583] at the basal body. These interact with the 

BBSome (a regulator of Rab8 in ciliogenesis [333]) which also localises Rabin-8 to Rab11-positive 

vesicles in the centrosome [295]. These later promote membrane biogenesis, and axoneme extension, 

including the docking and fusion of vesicles at the base of the cilium [307]. Rab8A interacts with 

Cenexin/ODF2 of the basal body, indicating that the microtubule sub-structure of the basal body is 

vital for interactions of many downstream effectors.  

Intra-flagellar component IFT22 is a RabL5-like protein regulating cellular pool size and 

number of IFT particles within the ciliary compartment in Chlamydomonas reinhardtii [359], 

indicating IFT components may also have ancillary active functions. The basal body appendages have 

been identified as sites where centriolin and cenexin regulate GTP-bound Rab11, its activator Evi5 

and Exocyst component sec15, thereby influencing the localisation of the endosomal recycling 

compartment to the centrosome [584].  

 

1.513 Rabs, Vesicular Processes and the Golgi 

At present, the role of GTPases in chondrocyte function, signalling, differentiation and 

disease remains largely unknown [585, 586]. A number of Rab-GTPases share or have overlapping 

functions forming a complex network of regulatory pathways involving the cilium, cytoplasmic 

organelles and Golgi function within the cytosol [587]. Specific Rabs and their known interactions are 

summarised in Appendix II, while their involvement with organelles are tabulated in greater depth in 

Appendix V. 

Secretion of materials derived from the endoplasmic reticulum is controlled by a set of Rab-

GTPases. Reticulum to Golgi transport utilises Rab1 and Rab2 [588, 589]. Rab6 is involved in trans-

Golgi and anterograde Golgi-ER microtubule transport [590], while Rab-Sec4p is active in the trans-

Golgi derived vesicles (and is associated with the exocyst) [311]. Rab8 and Rab11 are involved in 

vesicular secretion, as well as ciliogenesis [591]. Rab6 is required to maintain cisternae number, and 

for trafficking of trans-Golgi ‘coated protein’ COPI-coated vesicles and Clathrin [592]. 

Rab1 is involved with endoplasmic reticulum exit sites while Rab2 is involved in pre-Golgi 

intermediates and Golgi to ER trafficking [581, 589]. Rab6 (liquid droplet formation) Rab18, and 

Rab24 [581, 593] function to expedite transport from the endoplasmic reticulum ‘intermediate 

compartment’ to the Golgi, which is known to utilise Rab6, Rab10, Rab22, Rab30, Rab33, and Rab40 

to facilitate control of morphology and intra-Golgi trafficking [581] (Appendix II). Specific Rabs are 

also participate in compartments and periphery processes; Rab6, Rab24, Rab33 and Rab40 (cis edges 

[581]), Rab6, Rab33B (medial), Rab3D, Rab6, Rab8, Rab9, Rab14, Rab22, Rab31 (trans), Rab3D, 
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Rab11, Rab14, and Rab43 with the trans-Golgi-network (tabulated in Appendix II). Rabs and Golgins 

[594] coordinate the trans-Golgi network structure and interact with the cytoskeleton to create a 

functional Golgi [512].  

Rab3, Rab8 and Rab11 [595] are involved with docking of secretory vesicles [596], while 

Rab18, Rab27 and Rab37 are concerned with secretory granules, although there appears to be some 

overlap in functionality [566]. Rab5A is occurs with coated pits (Rab5 controls endocytosis [597]), 

while Rab10, Rab18 and Rab35 play roles in the endosome, Rab4, Rab5C, Rab11, Rab15, Rab21 

(Rab21 is involved in recycling integrin receptors [581]), Rab22 and Rab35 (early), Rab7, Rab9, 

Rab22, Rab24 and Rab25 (late) with Rab11, Rab15 and Rab35 in the recycling endosome (tabulated 

in Appendix II).  

Rab-GTPases bridge membrane and cytoskeletal dynamics in both secretory and endocytotic 

pathways [598] as well as regulating the endoplasmic reticulum-Golgi intermediate compartment 

mobility through COPI coated pits, motor proteins and microtubules [599]. The role of small GTPase 

components and the Golgi has been recently reviewed by Baschieri et al., (2012) [539], pointing out 

spatial and temporal signalling controls the entry and egress of membrane bound components of the 

Golgi apparatus. Rabs are involved with organelle interactions in cellular processes, including the 

endosomal, lysosomal and phagocytic membrane processes tabulated in Appendices II and III. 

Rab6 is critical to the function of the Golgi apparatus, where it not only interacts with 

numerous effectors for maintaining Golgi function and secretory processes, but also enables Golgi 

homeostasis, facilitation of vesicle transport, intra-Golgi cisternal fission, docking and tethering [527].  

Golgins have several Rab binding partners within the Golgi and trans-Golgi network, where 

they are proposed to act as scaffolding molecules for regulating membrane recruitment and trafficking 

pathways by promoting cytoskeletal association with the Golgi membrane [512]. Golgins, 

predominant on the cis and trans-faces of the Golgi, are required for organising the network for 

secretion [600, 601].  

 

1.514 Golgi Derived Transport: Targeting of Materials from the Golgi 

The targeting of materials from the Golgi apparatus enables regulated secretion, exocytosis 

and transport to the endosomal and lysosomal systems. These depend on a host of regulatory 

processes from the trans-Golgi network [602]. Cross talk between GTPase family members for cargo 

selection and processing remains largely unknown; however, their intricate signalling, switching and 

cross-talk between components certainly influence a variety of cellular functions [536, 543 563, 603]. 

GTPases and their effectors are required for the ciliary targeting of Golgi derived vesicles for both 

ciliogenesis and normal ciliary function [563].  

Protein trafficking from the Golgi to the primary cilium occurs through ‘ciliary localisation 

sequences’ utilising the terminal protein residue sequence V-x-P-x [325], commonly known as the 

‘VxPx’ targeting motif [362]. These are recognised by ARF4 [563] in a transport ‘ciliogenesis 
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cascade’ involving ARF4, Rab11 and effector FIP3 [563] involving components within the Golgi and 

trans-Golgi network. For example, in photoreceptor cells, Rab11 and effector FIP3 regulate the 

budding and sorting of vesicles in the trans-Golgi-network containing Rhodopsin [604] (Figure 

1.21A). RP2 regulation of ARL3 is important for Golgi cohesion (loss of KIF3A, ARL3 or RP2 

causes Golgi fragmentation) [605]. The retinitis pigmentosa protein RP2 may link centrosomal vesicle 

trafficking and the primary cilium, where it is found upon the periciliary ridge, and also co-localises 

with γ-tubulin and pericentrin [605]. Mutation of any ciliary protein may affect the targetting and 

action of other ciliary proteins, such as the retinitis pigmentosa GTPase regulator interacting protein 1 

(RPGRIP1) ‘interactome’ complex, malfunction of which leads to specific retinal ciliopathies [606]. 

Understanding of the functional relationships of ciliary targeting and subsequent pathogenesis is not 

well established. 

 
 
Figure 1.21: Regulated Golgi Transport and Signalling: [A] Materials are regulated in their passage from the endoplasmic 

reticulum to the intermediate compartment (ERGIC), before processing through the cis, medial and trans compartments, 

where the trans-Golgi network (TGN) directs them to specific locations via membrane complexes, targeting proteins and 

GTPases. Shown are the ARF-GTPase and its adaptor molecules, yet, the full mechanisms for Golgi regulatory control 
remain presently unknown. Reproduced with permission from Wang et al., (2013) [602]. GTPase ‘Cross-Talk’: [B] Cargo 

sorting and directed transport occurring from the trans-Golgi face requires the co-ordinated communication between effector 

molecules and the ARF and Rab-GTPases for the targeted delivery of the Rhodopsin (Rh) cargo to the primary cilium. 

Reproduced with permission from Deretic (2013) [563].  
 

Ciliary components opsin, RP2, PC1 and PC2 also utilise the ‘VxPx’ localisation motif, and 

their trafficking utilises ARF4 [349, 350, 362, 563, 607-609], from the trans-Golgi ciliary trafficking 

(with the exception of PC2). PC2 however is sequestered directly to the cilium from the cis-Golgi side 

(GM130 co-localised), while PC2 not destined for the ciliary membrane passes directly through the 

Golgi [610]. PC1 ciliary directed trafficking is likely to be similar in both photoreceptors and renal 

epithelial cells, using a Golgi bound complex consisting of Rab6, Rab11 and ASAP1, while ARF4 

and Rab8 are also utilised for ciliary trafficking [349]. 

IFT20 is functionally linked to the Golgi, where it is anchored by GMAP210 [259], and is 

known to localise with PC2, where it is necessary for ciliary assembly [332]. Rab3D reportedly 
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regulates a subset of the trans-Golgi-network [611], while Rab7 activates endosomal specific dynein 

motors through a Rab7-RILP-p150
Glued

-ORP1L-spectrin complex [612]. ARF components are 

involved with the trans-Golgi, where ARF4, ARL3, ARL6, and ARL13B facilitate ciliary protein 

targeting [604] (Figure 1.21B). 

 

1.515 Transport and the Golgi Apparatus 

Golgi localisation requires the temporal and spatial coordination of the cytoskeleton, and a 

host of scaffold and adaptor protein interactions including GTPases and their effectors [563, 609]. 

Transport motors are vital for cellular processes, and loss of dynein or the microtubule cytoskeleton 

results in loss of Golgi function [519], since both dynein and kinesin are required for dispersion of the 

Golgi products. Rab6 acts as a recruiter for biclaudin-D, dynactin and dynein [525]. Dynactin can also 

bind microtubules to the COPII vesicle coat [520]. Bicaudal-D regulates aspects of COPI independent 

Golgi-to-ER traffic through recruitment of dynactin [525], where CDC42 may participate in dynein 

recruitment to COP1 vesicles [613]. Huntingtin plays a role in myosin and dynactin-dynein vesicle 

transport [614], as well as co-ordinating dynein mediated positioning of endosome and lysosomes 

[615]. Specific KIF-member motors facilitate interaction between cargo and a range of adapter 

proteins [270], are involved in divergent trafficking from the trans-Golgi [519] and probably share a 

level of redundancy and overlap in function [615].  

 

1.60 Microtubule Roles During the Interphase 

During interphase, microtubules mediate centrosome positioning, cell shape, organelle 

trafficking, planar cell polarity, endocytosis, secretion and extracellular matrix assembly [120, 616, 

617] (Appendix V). Centrosomal derived microtubules appear to play a complex dynamic role, in 

which they are spatially and temporally regulated [618, 619] and simultaneously provide cytoskeletal 

resistance to compressive forces [142, 146, 152, 153].  

Microtubules can be divided into distinct populations; those derived from the centrosome, 

those originating from the Golgi apparatus and free in the cytoplasm [518, 620, 621]. These are 

believed to have functionally different roles [622]. The centrosome provides a central focus for 

microtubules which form a transport conduit for vesicle transport between the endoplasmic reticulum 

and the Golgi, as well as other organelles. Appendix V gives Tables of kinesin and dynein motors, 

their effectors and roles in transport and regulation of the primary cilium, centrosome tensegrity and 

pericentrosomal vesicle recycling. Included are organelles of the endoplasmic reticulum, the Golgi, as 

well as the endosome, lysosome, melanosome, podosome, desmosome, nucleus and mitochondria. 

Transport motors are implicated in the regulation of cytosolic components, maintaining cytoskeletal 

shape, focal adhesions and matrix interactions. Re-arrangement of the cytoskeleton is required for the 

orderly movement of organelles, such as the Golgi complex [623] and nucleus [624]. Microtubule 

processes may interact with the cell membrane [625], nuclear membrane [624], endoplasmic 
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reticulum [626], mitochondria [627] and Golgi apparatus components and processes [622], although 

little is known about their regulation (Figure 1.22). 

Microtubule dynamics and guidance [628] are controlled by protein regulators which include 

the promoter and stabiliser protein XMAP215 [629], the destabiliser XKCM1 and microtubule 

associated proteins EB1, APC, and CLIP170 [630, 631]. In Drosophila, kinesin-13 family members 

regulate microtubule dynamics and depolymerisation at the distal end [632]. Microtubule distal ends 

are involved in cytoskeletal support, and act as anchoring platforms through CLASPs allowing force 

transmission, a process where integrin receptors act as force couplers linking the extracellular matrix 

impinging upon the cell membrane to the cytoskeleton [633], and they also act as regulators of 

microtubule nucleation through MEK/ERK signalling [634]. Ran-GTP is known to coordinate 

regulation of microtubule nucleation [341, 634], since the attachment of microtubules to target 

binding sites may increase their stability. For a review of microtubule dynamics and their interaction 

partners in signalling see Tamura et al., (2012) [633]. Microtubule nucleation requires NEDD1 (GCP-

WD) by way of involvement with γ-TuRC [533, 634], where it is believed discrete protein interaction 

networks within the centrosome govern interphase microtubules. This becomes evident upon 

transition to metaphase with the CDK1 kinase induced reorganisation, whose coordinated changes are 

not yet understood [631]. Organelle specific microtubule transport motors, their interactions and 

associated Rabs are tabulated within Appendix V. 

 
Figure 1.22 Microtubules and Vesicle Transport: 

Subsets of the centrosome microtubule network 

are believed to participate with transport 

processes and Golgi associated organelles. 
Microtubules are responsible for organelle 

homeostasis and function through bi-directional 

transport complexes allowing connectivity with 

the centrosome. Reproduced with permission 
from Klann et al., (2012) [635]. 

 

 

 

1.61 The Cilium, Centrosome and the Golgi 

The intimate relationship between Golgi apparatus to the centrosome and the primary cilium 

during interphase is well documented [3, 26, 95-97]. For example, primary cilia and centrosome re-

orientation are closely involved with the wound healing response [636, 637]. This involves cell 

migration, repositioning of the Golgi [638], the centrosome and nucleating microtubules [639]. 

During cell migration the primary cilium and centrosome are located close to the nucleus, with the 

Golgi apparatus aligned with the leading edge of the cell, in the direction of migration [518, 636] 

(Figure 1.23). This requires cytoskeletal re-organisation and polarisation of the Golgi that is initiated 

through CDC42 and the centrosome [529]. 
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ARF1 and Rho protein CDC42 control dynein recruitment to the Golgi, and activating protein 

ARHGAP21 regulates ARF1 and CDC42 activity for microtubule and dynein dependent Golgi 

positioning [640]. For example, CDC42 activation is reported to control polarisation of the Golgi in 

migrating astrocytes [641].  

Microtubule dynamics directing the bi-directional transport of vesicles and organelles remain 

poorly understood at present. Dynein, dynactin and kinesin family members are responsible for the 

polarised transport of various cargoes of materials and organelles within the cell, although the details 

of such processes remain elusive [145, 514], particularly their role in anchoring to and positioning the 

centrosome [121, 144].  

Kinesin motors show preference for particular subsets of microtubules [642], although their 

selection, regulation, recycling and role in transport of organelles and polarisation of the cytoskeleton 

remains poorly understood. Microtubule disruption influences centrosome and Golgi localisation 

[643] as well as resulting in dispersal of the Golgi ribbon [644]. CAP350 centrosomal protein 

stabilises Golgi associated microtubules, and functions to maintain Golgi peri-centrosomal 

localisation [645], while CDC42 regulates microtubule Golgi positioning [640]. Klann et al., (2012) 

[635] has reviewed the modelling of vesicle transport processes and the cytoskeleton (see Figure 

1.22). 

Figure 1.23 Polarisation of the Centrosome and 
Golgi in Cell Migration: [A] Migrating cells 

align the Golgi and centrosome with the 

cytoskeleton and leading edge aligned in the 

direction of migration. [B] Organisation of 

microtubule polarisation and secretion involves 

the centrosome and numerous pathways to 

achieve the required polarity. Reproduced and 

modified from Yadav et al., (2011) [518]. 
Different microtubule ends may be involved in 

planar cell polarity pathways and endocytosis. 

Within migrating cells, the Golgi and 

centrosome are constrained by the substrate 
[651]. 

 

 

 

 

Recent studies have shown that the Golgi apparatus also acts as a microtubule nucleating and 

organising centre [646,647], and that those microtubules are essential to the proper operation and 

behaviour of the Golgi [156, 622, 648]. Conversely, Golgi derived CLASP-dependent microtubules 

reciprocally influence Golgi polarisation and organisation [648]. Microtubule nucleation onto the cis-

side of the Golgi requires proteins GM130 and AKAP450 [647], with cis-Golgi-network-associated-

protein GMAP210 binding the (-) microtubule ends [649], while Golgi-derived CLASP-dependent 

microtubules control Golgi organisation and polarised trafficking [625, 648]. Components of 

microtubules and actin also regulate the trans-Golgi architecture: the trans-Golgi network 
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microtubules [512, 650] deliver vesicles containing precursor materials from the Golgi for directed 

secretion [636]. Many features of centrosome and Golgi positioning, regulation, secretory cargo 

transport, and exocytosis remain unclear.  

 

1.62 Centrosome Positioning 

Centrosome positioning requires a combination of pulling and pushing forces generated by 

microtubule motors applied to the cytoskeleton [144, 652]. Movement of the centrosome to adjust its 

position requires the timely balancing of forces generated upon the microtubule network by dynein 

and myosin [653, 654]. The close association of the centrosome with the nucleus is balanced by KIF9 

and dynein [493, 653, 655, 656], where dynein is involved in rotation of the nucleus [504]. Kinesins 

KIFC3, KIF2A and KIF2C are thought to be involved in targeting CEP170 to the centrosome [479].  

 

1.63 Intracellular Transport 

Intracellular transport of organelles and materials uses specific proteins, GTPases, kinesin and 

dynein motors that are involved in the processes of transport, signalling and cytoskeletal 

rearrangement tabulated in Appendices II, III and V. The Golgi apparatus requires the bi-directional 

trafficking of materials derived from endoplasmic reticulum exit sites to the intermediate ER-Golgi 

compartments. This then requires orderly transport through the cis, medial and trans-compartments, to 

the trans-Golgi network, making the product available for either direct secretion, recycling or storage. 

 

1.64 Transport of Vesicles 

The steps of vesicle budding, tethering, transport and targeted delivery of vesicles require 

GTPases, with Rab proteins representing the most commonly known group. These also control 

transport motors allowing for the temporal and spatial controlled transport [502]. The transport of 

cytoplasmic vesicles, materials and organelles requires three classes of molecular transport motors; 

kinesins, dyneins and myosins [477, 657]. KIF3 members and dynein have vital roles in both ciliary 

and organelle transport, while dynein contributes to receptor transportation [503] (Appendices III and 

V). 

 

1.65 Rabs and Microtubule Motors 

Rab-GTPases have been identified as key regulators of microtubule transport of cargo and 

organelles [448] - however, their specific interactions remain poorly understood. Jordens et al., (2005) 

[502], reviewed Rab-GTPases and their interactions with protein motors. The early endosome utilises 

Rab4 (with transport motors KIF3B and dynein), and Rab5 (with KIF16B and dynein), while the 

Golgi exclusively uses Rab6 (p50, p150 and Rab6-kinesin). Rab7 is involved with the late endosome 

and lysosome with protein sorting [658], and in recruiting dynein/dynactin to the lysosome [502, 659]. 

Rab5 modulates endocytotic membrane docking and fusion, as well as microtubule interactions within 
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the microtubule network [660, 661] where the positioning and translocation of endosomal and 

lysosomal clusters depends upon microtubules [662]. Rab6-kinesin is involved with the Golgi and 

endosomal processing [502, 663], while Rab6A activates the idle dynein complex, dislocating LIS1 in 

the process [500]. It addition, Rab6 is involved with actin and microtubule motors in regulating 

trafficking from the endosomes (reviewed by Goud et al., (2012) [527]).  

Rab6C (specific to Hominidae) is involved in a subset of tissues and has been identified in 

centrioles in the centrosome, where its depletion gives rise to tetraploid cells and over-expression in 

G1-phase arrest, indicating a significant role in centrosomal function [664]. Rab6 centrosome 

associated activating protein GAPCenA complexes with γ-tubulin, where it may regulate Golgi and 

microtubule dynamics [563]. Rab6 also reportedly functions as a modulator of the Golgi redistribution 

response to hypotonic stress [665], and as part of the secretory apparatus, linking endosomal function 

to secretion.  

 

1.66 Myosin Motors and Rabs 

Myosin motor protein structure and function has been reviewed by Sweeny et al., (2010) 

[666]. The myosin protein consists of a motor head, attached to a variable calmodulin tail that allows 

for specific interactions with cargo and demonstrates actin-dependent ATPase activity [502, 667, 

668]. Myosin family members I, V, VI and VII are involved in transport, with myosin-V members 

regarded as the most prominent [502, 657]. Myosin-V member tails exhibit tissue specific splice 

variations [669] and contain three distinct Rab-binding domains, which are reported to interact with 

specific members [670]. Myosin-Va also interacts with a subset of the Rab-GTPases that are 

associated with the Golgi secretory and endocytic recycling systems. Rab10 and Rab11 play a role in 

membrane recruitment, while endocytic recycling and post-Golgi transport processes use Rab11 and 

Rab14 [668]. Rab-GTPases are also reported to be involved with subsets of myosin motors; the Golgi 

utilises Rab8 (with myosin-VI), the recycling compartment Rab11 (with myosin-Vb), while the 

melanosome uses Rab27 (with myosin-Va) and Rab27A (with myosin-VIIa) [502]. The transport of 

secretory vesicles from the trans-Golgi by Myosin-V also uses components of the Exocyst [671]. 

During interphase, myosin-V is reported to be localised to the pericentriolar matrix and centrioles 

through the myosin tail, enabling targeting of the centrosome [668]. The myosin regulatory chain 

reportedly phosphorylates Rho-kinase [672], with myosin activity being regulated by CP190 within 

the centrosome [673].  

 

1.67 The Golgi Apparatus: Transport Motors 

Kinesins, dyneins, the dynactin complex, myosin motors, Rabs and their effectors govern 

many aspects of vesicular transport and organelle movements. Distinct subsets of motors, Rabs and 

effectors are involved in Golgi apparatus positioning, and bi-directional transport from the 

endoplasmic reticulum compartments to the Golgi intermediate compartment for processing into the 
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apparatus. Further components are involved with discrete vesicle transport from the trans-Golgi to a 

network including the endosome, the lysosome, as well as the melanosome and podosome 

compartments. 

The positioning of the Golgi apparatus involves complex motor coordination of myosins (II 

and VI) [502], kinesins (KIFC3) [674] and the dynein-dynactin complex. Dynein (which is recruited 

to the Golgi by Golgin160, mediated through ARF1 [675]) participates in the centrosomal localisation 

of the Golgi complex [676], with Kinesin-13 reported to be associated with the stacks of the Golgi 

[677]. The transport of materials synthesised in the endoplasmic reticulum to the Golgi requires the 

coordination of transport motors. Materials which bud from the endoplasmic reticulum require 

dynein/dynactin for transport, with kinesin-1 serving a role in reticulum elongation and positioning. 

Hiro et al., (2009) [270] extensively reviewed the kinesin superfamily and concluded that ER-to-Golgi 

transport requires cytoplasmic dynein and kinesins KIF3, KIF5 and KIF1C. Transport complexes 

KIF3 and KIF5 are believed to operate bi-directionally and synergistically between the endoplasmic 

reticulum  and the Golgi [678, 679]. Endoplasmic reticulum to Golgi transport (COPII) is known to 

utilise KIF5B and dynein/dynactin, while Golgi-ER (COPI) involves KIF5B, Kinesin-2, KIF1C [598], 

with Bicaudal-D believed to regulate transport through recruiting the dynein-dynactin motor complex 

[525] (Appendix V). 

Golgi vesicular processing utilises KIF5 and KIF20 (with Rab6 [468]) although the exact role 

of kinesins and dyneins with respect to Rabs is still elusive. Vesicles and their materials are recruited 

to the pre-Golgi intermediate compartment (endoplasmic-reticulum-Golgi complex ERGIC) via 

involvement of kinesin-2 members and the dynein heavy chain. Golgi derived materials for export to 

the cell membrane entering the trans-Golgi-network rely upon components of myosin, KIF1A, 

KIF1B, KIF5B, KIF5C, KIF13A, KIF17, KIFC3 and dynein-dynactin for their delivery (tabulated in 

Appendices III and V). Many vesicle transport-dependent processes utilise different subsets of motors 

and GTPases for the transport and positioning of materials to, and secretion from, the Golgi apparatus 

[598]. For example, the direct polarised apical transport of the neurotrophin receptor uses KIF1A, 

KIF1Bβ and KIF5B, for selected transport in MDCK cells [680]. Endosomal positioning uses KIF16B 

(which anchors the endosome [681]), while the secretory endosome entails KIF5B, KIF13A and 

Myosin-1b, and the recycling endosome involves KIF5B and dynein/dynactin [270, 598]. These many 

processes remain largely unexplored, but known components are selectively tabulated in Appendices 

III and V. 
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1.70 A Brief History of the Golgi Apparatus 

Camillo Golgi first described the organelle that now bears his name in 1897 [682, 683], which 

he termed the ‘internal reticular apparatus’ and in 1909 [684] described structural changes of the 

apparatus in mucosal gastric cells related to the cell cycle [685]. It was not until electron microscopy 

studies that the Golgi became more structurally defined, from two dimensional images by Bahr et al., 

(1981) [686] and Olins et al. (1983) [687]. Many unknowns remain today regarding its function. 

Golgi occur in both plant and animal cells and are composed of a series of individual stacks (or 

dictyosomes) with singular membranes known as cisternae (singular cisterna) [141]. Usually from 

four to eight cisternae are present in any given stack, which is comprised of enclosed membranous 

discs that transport, modify and export cellular materials [141]. These are divided into a basic Golgi 

network comprising cis, medial and trans compartments, each containing enzymes that selectively 

modify the contents [688], depending on where they reside (Krieger et al. 2004) [689]. These 

compartments can vary in size and when adjoined appear as continuous ‘ribbons’, and undergo cell-

cycle dependent changes [690]. During interphase, the Golgi stacks are observed arranged in an 

interconnected network in close proximity to the centrosome [691, 692].  

The Golgi is involved in the orderly post-translational modification of endoplasmic-

reticulum-derived proteins (and materials) through acylation, glycosylation [693], phosphorylation 

[694], sulphation [695] and proteolytic cleavage [141, 696, 697]. Golgi associated transport vesicles 

have been identified; COP1 [698] and COPII [699] vesicles are involved with endoplasmic reticulum 

and Golgi transport, while clathrin coated vesicles are also associated with the Golgi and trans-Golgi 

network [700]. 

 Processed materials are delivered to their final destinations through the trans-Golgi network, 

which is associated with the endosome, lysosome and storage granule systems [141, 701, 702]. The 

early and late endosome functions to sort and reprocess internalised materials [703, 704], before 

degradation in the lysosome [705] (Figure 1.24). Multi-vesicular bodies internalise ligands, receptors 

and nutrients through the endosomal system [705], with macropinosome and phagosome processes 

involved in aspects of materials processing [141, 706]. A number of diseases are associated with 

disruption or dys-regulation of Golgi processes from achondrogenesis to types of congenital muscular 

dystrophy [707].  
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Figure 1.24 The Golgi Intracellular Transport Pathways: Details of the intracellular transport pathway for secretion. 

Materials derived from the endoplasmic reticulum (ER) pass to the Golgi intermediate compartment (ERGIC) [520] as 

vesicles decorated with ‘coat proteins’ (COP) [598] enabling directed transport (arrows). Adaptor proteins are colour coded 

as COPI (red), COPII (blue) and Clathrin (orange). Materials are transported through the cis, medial and trans-Golgi 
compartments, whence they are available, for direct secretion, the formation of secretory granules, or to components of the 

endosomal and lysosomal systems. Reproduced with permission from Bonifacino et al., (2004) [702]. 

 

1.71 Models of Transport Through The Golgi 

Two intra-Golgi transport mechanisms have been proposed for the way in which endoplasmic 

reticulum derived vesicles are transported through the Golgi stacks for post-translational modification 

and processing [141, 700, 708]. Current evidence suggests this occurs via both mechanisms [709], 

with ample evidence supporting both models [700]. 

 

The Vesicular Transport Model is built around the concept of the Golgi as a distinct 

organelle divided into cisternal compartments in which smaller vesicles shuttle materials through the 

stack [708]. Vesicles budding from between the stacks are restricted in their movements due to fine 

filamentous proteins tethering the budded vesicles [141, 702].  

 

The Cisternal Transport Model is based upon the premise that vesicles are continually 

transported to the cis-face where they coalesce and fuse to form cisternae along the pre cis-face. This 

model is supported by observations of pre-processed materials moving into the stacks from vesicles 

(ie collagen fibrils [692]), along with evidence of coat protein (COP) vesicles (Figure 1.24) [141, 710, 

711].  

Different appearances of the Golgi between species result from evolutionary divergence 

(extending to matrix proteins [712, 713]) so that a complete unified model of Golgi organelle function 

remains unclear [712, 714]. The architecture of the Golgi is also known to differ between cell types 

revealing that the Golgi is a dynamic specialised organelle with complex membranes, recycling and 

key signalling properties [715]. It has been suggested that the Golgi has evolved to become co-

dependent with other cellular signalling and regulating processes [716-718].  
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In most cells, the Golgi apparatus fragments and dissolves upon the onset of mitosis (G2) 

(reviewed by Colanzi et al., (2003) [692]) [719], only to re-appear during telophase [720]. The re-

appearance of the Golgi usually takes place during the onset of interphase, where its morphology and 

function are dependent on reassembly of the centrosomal network of microtubules [108]. Assembly of 

the Golgi is achieved by centrosome driven microtubule transport (or by self-organisation) where 

microtubules complement formation, with two populations being involved in its polarisation [156, 

518]. 

 

1.72 The Golgi: Regulated Processing and Secretion 

The basic model of vesicular transport through the cell begins with the synthesis of membrane 

bound materials transported from the endoplasmic reticulum to the Golgi intermediate compartment 

(ERGIC), which consists of vesicles and tubular structures coalescing with the cis-Golgi cisternae 

face, which is commonly highly fenestrated [520, 721]. Bi-directional Golgi transport is believed to 

be mediated by coated protein (COP) vesicles [722], where cisternae are thought to be in continuous 

turnover [723, 724]. COPI vesicles are involved in retrograde membrane trafficking from the cis-

Golgi to the ER, while COPII vesicles are involved in anterograde trafficking from the ER to the 

Golgi. The progression of materials through the cisternae appears to be dependent upon the peripheral 

generation of COPI vesicles [702, 722, 725].  

The trans-Golgi also interfaces with the endosomal and lysosomal systems through bi-

directional transport [726] although the budding, tethering, cargo selection and fusion of vesicles is 

not well understood [702] (Figure 1.24). Retrograde and anterograde transport of materials between 

the cis and the trans-compartments, is probably facilitated by inter-connecting tubules and vesicles 

[716, 727]. Studies indicate compact cisternae are perforated, and interconnected by vesicular tubular 

linkage formations [728], which are observed to form between cisternae as a result of Golgi secretory 

trafficking [729]. Vesicle buds are evident upon the medial and the trans-compartments where 

enzymes are enriched within the perforated zone, but found to be depleted in COPI vesicles [728]. 

Materials are processed through the medial, and then trans-compartments before being delivered to its 

required destination (see Figs 1.21 A and 1.24).  

The trans-Golgi network partakes in dynamic cargo-dependent packaging and sorting 

contents to their final destinations where the temporal morphology is dependent upon trafficking of 

materials [730]. One function of the Golgi is the sequential glycosylation of proteins and lipids of 

which there are at least 200 glyco-transferases [731] and several enzymes may occupy the same sub-

compartment membrane [693]. These are recycled in the trans to cis-direction [732] in association 

with COPI vesicles [698], However recent studies have identified structural evidence that transport 

mechanisms throughout the Golgi are more complicated, with evidence for multiple transport 

mechanisms (Marsh et al. 2001) [715] including direct ER-trans-Golgi transport by-passing most of 
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the apparatus [724]. Curiously, some proteins bypass the Golgi altogether such as the cystic fibrosis 

trans-membrane conductance regulator (CFTR), CD45, FGF2, and Galectins 1 and 3 [733]. 

Microtubule disruption influences both centrosome and Golgi localisation, resulting in Golgi 

dispersal [643]. Golgi function and organisation is interdependent with other organelles on the actin 

and microtubule cytoskeleton [700], where the membrane shape is maintained through the roles of 

Grasp and Golgin proteins [734]. Golgi assembly is held together with oligomers of Grasps55/65, 

while glycosylation and sorting is also believed to be regulated by GRASP55/65 proteins [725, 735]. 

Clathrin proteins are involved in the endocytosis and internalisation of materials through the 

formation of ‘coated pits’ [141, 702], where their activity also enhances microtubule α-tubulin 

acetylation at pit sites [736]. Many aspects of the Golgi apparatus, its transport models and their 

networked structures are actively debated. 

 

1.73 Planar Cell Polarity: The Centrosome and the Golgi 

Planar cell polarity is required for development, cell migration, polarisation and symmetrical 

cell division where unique pathways regulate cytoskeletal rearrangement, polarisation and 

modification of cell behaviour [292, 462, 737-740]. Mutations in these pathways lead to a number of 

genetic abnormalities [289, 739, 652]. Extracellular Wnt ligands bind to Frizzled family membrane 

receptors [739], allowing transduction through the protein Dishevelled [741]. Canonical Wnt 

signalling involves gene regulation (β-catenin pathway) [742], while non-canonical (planar cell 

polarity) pathways control cytoskeletal members and are involved in a host of functional cellular, 

organ development and pathological processes [289, 292, 612, 739, 743-745].  

Inversin is required for recruiting Dishevelled in response to activated Frizzled, acting as a 

switch between the planar cell polarity and β-catenin signalling pathways where it inhibits canonical 

Wnt signalling by degrading translocated Dishevelled [746, 747].  

Wnt sensory protein Vangl2 localises to the cilium [744] and is responsible for ciliary tilting 

and positioning [748], but it also interacts with BBS8 [749] in determining left-right asymmetry in 

development. Wnt partner Chibby binds Cenexin at the distal end of the basal body, linking Wnt 

function to the basal body, where it plays a role in microtubule regulation [744] (Appendix I).  

Planar cell polarity has a role in ciliogenesis [290]. The Dishevelled protein links basal body 

docking and orientation in ciliated epithelial cells [750]. Primary cilia are required for polarisation of 

sensory kinocilia [751], for which Frizzled and Van Gogh provide polarity information [751-753]. 

Downstream of Wnt signalling, DAAM1 is required for centrosome and Golgi re-orientation during 

cell migration [754]. Curiously, polarisation of the Golgi has been observed to be influenced by an 

external electric field [755], which in turn influences the cytoskeleton to align the cell in the direction 

of the field [756, 757]. 

The Rho family of GTPases [758] participate in reorganising the cytoskeleton and cell 

adhesion [543, 759]. CDC42 is involved in polarity and migration mediated by integrin activation 
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[760]. Dishevelled and Inturned mediate Rho-GTPase activity at the basal body [289], while 

Dishevelled is also associated with Clathrin for endocytosis [752]. CDC42 regulates pathways for 

controlling cytoskeletal structures [744] (Figure 1.23). Polarisation of the Golgi is also believed to be 

influenced by intracellular pathways involving the Ras/Raf/MEK/ERK and the PI3K/Akt/mTOR 

pathways, with MEK/ERK components required for two-dimensional orientation, while PI3K 

contributes to three-dimensional polarisation [761]. 

 

1.74 Planar Cell Polarity, Wnts and Cartilage 

For a review of proteins within the canonical and non-canonical Wnt planar cell polarity 

signalling pathways and the cilium, see reviews by May-Simera et al., (2012) [744], Schlessinger et 

al. (2009) [756] and Church et al., (2002) [762]. In cartilage, Wnt is involved with planar cell polarity 

signalling for control of growth and chondrocyte column formation [763, 764] as well as induction of 

hypertrophy [765]. Non-canonical Frizzled signalling regulates the plane of cell division in 

chondrocytes [747], whereby daughter cells divide horizontally and then arrange into vertical 

columns. Wnt family members also have roles in cartilage function and chondrocyte differentiation 

[766]. Church et al., (2002) [762] reported Wnt expression to be developmentally important in 

cartilage; with Wnt-5b and Wnt-11 being expressed in pre-hypertrophic chondrocytes, Wnt-5a in the 

joints and perichondrium, with Wnt-4 blocking chondrogenesis. In contrast, Wnt-5a and Wnt-5b 

promote chondrogenesis, while Wnt-5b and Wnt-11 have Indian Hedgehog functionality. Wnt-5b also 

acts to inhibit chondrocyte hypertrophy and regulates mesenchymal cell aggregation and migration 

[767].  

 

1.75 The Cilium to Golgi Continuum: Summary 

Proper functioning of the Matrix-Cilium-Golgi Continuum in chondrocytes necessitates that 

the centrosome senses the extracellular environment, and regulates the necessary cellular processes 

required for the production, transport and post-translational modification and exocytosis of matrix 

materials. The concept of the centrosome as a highly organised cytoplasmic ‘central processing unit’ 

for controlling microtubule dynamics, sorting vesicles and organelles through coordinating the 

networks of motors and signalling effectors has not yet been fully developed. To this end, the roles of 

GTPases, kinesins, dyneins, and their known organelle interaction pathways have been tabulated 

within the Appendices. Central to this premise, is the primary cilium, which is a functional and 

structural microtubule based extension of the basal body, and the centrosome. It may express specific 

membrane bound receptors, and is involved in processing a variety of extracellular communication 

and sensing modalities in a variety of cell types, including connective tissues. The exact dynamics of 

the control mechanisms responsible for centrosomal control of the Golgi in synergy with the 

cytoplasm and respective organelles remain to be identified. 
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Section III – A Biomechanical Connective Tissue: Cartilage 

 

1.80 Introduction: Biomechanical Function of Connective Tissues  

Connective tissues comprise a broad range of tissue types, from tension transmitters like 

tendons, ligaments and skin, through to load bearers like cartilage and bone, including those 

interstitial, reticular, elastic and basement membrane networks which support specialised cells found 

in most organ systems. All vertebrates share a common integrated connective tissue network which 

spans the molecular, cellular and whole organ levels.  

Connective tissues consist of two basic parts, a complex extracellular matrix (ECM) which 

forms the vast bulk of the tissue, and a smaller enclosed volume of cells, which are solely responsible 

for its formation, maintenance and repair. The extracellular matrix performs biomechanical and 

physicochemical functions that are appropriately sensed by the cells, which respond by producing the 

correct cocktail of extracellular matrix macromolecules necessary to maintain its structure and 

mechanical function. The composition of the extracellular matrix of tendon under tension is distinctly 

different to that of the matrix composition of cartilage under load, and the mechanisms mediating 

these mechano-biological interactions remain unclear. Previous studies suggest that the primary 

cilium could play a central role in this feedback loop, since it is located in an intermediate position 

between the extracellular matrix and the Golgi apparatus (responsible for matrix secretion), and is 

inferred to be capable of sensing mechanical signals, transducing information for transcription, and 

polarising the cellular secretory response [26, 97].  

To date, knowledge of this relationship between the extracellular matrix, the primary cilium 

and the Golgi apparatus derives from conventional ultrastructural methods which provide a two 

dimensional perspective of the structural anatomical relationship between these strikingly different 

biological components. Few studies have attempted an ultrastructural serial reconstruction of a 

primary cilium, and none have attempted to include the three dimensional extracellular matrix which 

interacts with the ciliary membrane. To fully understand the dynamic relationship between connective 

tissue cells and their mechanically functional extracellular matrix, an essential preliminary is to define 

the three dimensional structural relationships which link the matrix macromolecules, the ciliary 

components and the organelles responsible for matrix secretion.  

 

1.81 Overview: Connective Tissues 

 
Connective tissues respond to mechanical loads, but how they do this depends upon the 

complex nature and unique constituent properties of collagens, proteoglycans and glycoproteins [141, 

768-777]. These differ greatly in proportion between connective tissues, from the extreme toughness 

of bone and tendon to the softer basement membrane of epithelia, and they vary within the matrix 

environment, depending upon age and pathogenesis [775-779].  
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Matrix is composed of varying amounts of proteins and polysaccharides, which serve not only 

as a biomechanical scaffold, but also have a complex role as a biochemical microenvironment [141]. 

The composition and architecture of the extracellular matrix dictates cell behaviour, influencing cell 

proliferation, morphology, migration, development, function and survival [780, 781]. The unique 

properties of bone, the optical transparency of the cornea, the tensile strength of tendon, and load 

bearing properties of cartilage are all due to the different combinations of the same components 

comprising the extracellular matrix [782-784]. Changes to matrix composition result from a host of 

host of processes, ranging from developmental, homeostasis, aging and disease [784, 785]. In this 

study electron tomography was used to investigate cartilage as a compressive load bearing connective 

tissue, using avian sternal cartilage as a model. 

 

1.82 A Compressive Tissue Matrix: Hyaline Cartilage 

 
Hyaline (derived from the Greek word for glass) cartilage is one of the most common forms 

of cartilage, the others being the elastic and fibro- cartilages. It is a hypoxic, avascular, aneural, low 

friction load bearing tissue, which transmits and dissipates applied mechanical forces. Hyaline 

cartilage comprises the surfaces of articulated diathrodial joints, elastic cartilage occurs in the nose, 

ears, the trachea and growth plates, while fibrocartilage makes up the intervertebral discs and the 

meniscus of the knee [141, 786].  

Articular cartilage consists of four distinct morphological and biochemical zones which are 

bound between the synovial cavity and the subchondral bone: the superficial (tangential), the 

intermediate (transitional), the deep (radial) and the calcified zones [768] (see Figure 1.25). The 

superficial layer of articular cartilage makes up 1-5% of the cartilage volume, consisting of the lamina 

splendens [787], containing small flattened chondrocytes, with a low proteoglycan content, and 

incorporating a dense collagen fibre mesh which results in the characteristic hyaline translucency 

[768]. The intermediate layer comprises 40-45% of the matrix volume, and contains rounded 

encapsulated cells within a collagen matrix [768]. The deep layer makes up almost 45% of the total 

matrix volume and is characterised by increased proteoglycan content, presence of a radially 

orientated collagen network aligned perpendicular to the articular surface, and chondrocytes aligned 

into vertical columns in the direction of the load [768, 788, 789]. Each chondrocyte is suspended 

within a gelatinous pericellular matrix, which is encompassed by a capsule forming a chondron. Each 

chondron is surrounded by a local territorial matrix, while clusters of chondrons are separated by 

interterritorial matrices [788, 790] (see Figure 1.25). The calcified cartilage zone makes up 

approximately 10% of the matrix and is characterised by the presence of a ‘tidemark’, marking the 

transition from the middle layer to the calcified matrix zone [791]. This zone contains spherical 

encapsulated chondrocytes, calcium and radial collagen fibres, but is noticeably deficient in 

proteoglycans [768, 791].  
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Adult articular cartilage is distinguished by an extensive extracellular matrix which comprises 

in excess of 95% of the tissue volume, consisting primarily of collagen type II and sulphated 

proteoglycans [141, 768]. Cartilage water content contributes between 68% and 85% of the net wet 

weight of the tissue (remainder being 10-20% collagen and 5-10% proteoglycan) [792-794]. A 

mechanical balance against the hydration swelling pressure of proteoglycans is provided by the tensile 

resistance of the collagen fibres, which also allows the cartilage network to bear loads 

hydrodynamically [795]. An irregular interface between the calcified zone and the subchondral bone 

provides increased surface area for adhesion of the two matrices [768, 788].  

 
 
Figure 1.25 Hyaline Articular Cartilage: [A] Hyaline cartilage matrix morphology, showing the superficial zone (containing 

flattened cells), the deep columnar zone, the calcified zone (with tidemark) and the anchoring subchondral bone. Reproduced 

with from Gray’s Anatomy. [B] Alignment of chondrocytes within the deep layer zone, detailing the pericellular matrix 

(Pm), the territorial matrix (Tm) and the interterritorial matrix (Im). Scale bar 10 µm. Reproduced from Poole (1997) [789]. 

 

1.83 The Chondron 

Benninghoff first described the chondron concept [796], which was later confirmed by Poole 

et al., (1987) [790], comprising a chondrocyte in hyaline cartilage surrounded by a zone of specialist 

matrix, the whole functioning as an essential structural component of mature cartilage. Here the 

chondron acts as a hydro-dynamically protective capsule surrounding the chondrocyte. The capsule 

consists mainly of tightly interwoven collagens of types II, VI, IX, XI [768, 797-800] and laminin 

[801]. The capsule is connected to the chondrocyte by type VI collagen while the pericellular 

glycocalyx contains aggrecan [802, 803], fibronectin [804], and laminin [801] as well as numerous 

minor components such as perlecan [805], biglycan, decorin [806], glypican, syndecan and link 

protein [807-809]. The capsule forms a boundary retaining the expansion of pericellular glycalyx 

[800]. Chondron morphology varies between the superficial layer, the middle and deep layers, 

reflecting the local interterritorial matrix architecture, suggesting that zones experience different loads 

[789, 808, 809]. Fine channels of proteoglycan varying in diameter between 0.2 and 1.8 µm extend 
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from the capsule into the adjacent territorial matrix, indicating intricate matrix specialisation around 

each chondron [768, 770, 771] (Figure 1.26).  

It is widely accepted that chondrocytes actively modify their pericellular matrix in response to 

environmental influences [800, 809, 810]. In turn, the sequestered matrix affords protection to the 

chondrocyte from applied forces and associated osmotic challenges, limiting cell deformation under 

normal physiological conditions [771, 800, 811]. How a chondrocyte measures and respond to 

mechanical load has been proposed by Poole et al., (1985) [26] to involve the primary cilium as a 

‘cybernetic probe’, where the cilium senses the extracellular environment, and enables the cell to 

respond to physiological signals and biomechanical forces, thereby producing a functional territorial 

and interterritorial matrix. 

 
 

Figure 1.26: The Chondron: A conceptual diagram of the dynamic chondron microenvironment. The chondrocyte (C) and its 

primary cilium (Cl) is seen suspended within the pericellular matrix (Pm), encapsulated by the pericellular capsule (Pc), 

which has a pericellular channel (Pch) and matrix vesicles (Mv). Arrowhead indicates the direction of a matrix applied 
compressive force, which deforms the chondron, forcing mobile components out of the capsule into the surrounding 

territorial matrix. Note deflection of the primary cilium. Reproduced from Poole et al., (1988) [808]. 

 

1.84 Articular Cartilage Function 

Cartilage functions as a viscoelastic matrix which provides a low friction surface allowing for 

movement, and also protects the underlying bone from mechanical impulses experienced from 

compressive shear, tensile forces and shock forces [456, 795, 814]. This is achieved through the high 

swelling tendency and low permeability of matrix proteoglycans, which are constrained by the 

collagen network [815]. The ability to deform is governed by the permeability of the hydrogel, which 

allows for the transmission and dissipation of load across the joint surface and the transmission of 

forces to the subchondral bone [788].  

Compression of cartilage also results in shear stress, generating streaming potentials [817] by 

separating mobile cations (mainly Na
+
, Ca

2+
 and K

+
) from the largely negatively fixed charge (SO4

2-
) 

of the matrix [818]. This results in a local osmolarity increase and decrease in pH [819]. The 

osmlarity of normal cartilage ranges between 350-450 milliOsm kg
-1

, and with a pH between 6.6-6.9 

(reviewed in Wilkins et al., (2000) [818]). 
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Under applied load, the deeper layers of the cartilage matrix deform, forcing water and low 

molecular weight solutes from around the proteoglycan components. Cessation of the applied force 

enables the displaced fluid to return to osmotic equilibrium [812]. The ability to successfully achieve 

this depends upon the unique interaction of the matrix components of collagen, proteoglycan and 

glycoproteins [769, 816, 820].  

1.85 Cartilage Collagens 

Collagen proteins represent the most abundant proteins in mammalian connective tissues 

[141, 769] and their fibres allow a plethora of connective tissues properties, spanning from the hard 

properties of bone to the flexibility of skin [821, 822]. Collagens belong to a ‘super-family’ of 

proteins whose genes are regulated to provide tissue specific expressions of fibrillar collagen, and 

comprise several subclasses [769]. Although the exact mechanism of genetic regulation of collagen 

composition remains unclear [823], a great deal is known about their chemical and physical properties 

[824-826]. For reviews of collagens, their synthesis and post-translational processing see Gelse et al., 

(2003) [827], Richard-Blum et al., (2011) [769] and Jalan et al., (2013) [825]. 

Mature cartilage principally consists of collagens of type II [828] (75% foetal, 90-95% adult 

[829]), together with and minor amounts of types III [830] (>10% adult) [829], VI [828, 829, 831, 

832] (<1%) [829], IX [833, 834] (10% foetal, 1% adult [829, 835]), X [824] (hypertrophic cartilage 

only [828, 829]), XI (10% foetal, 3% adult) [829]. Lesser amounts of types XII, XIII (trans-

membrane) and XIV [829] also contribute to the matrix. 

Type II collagen is the most abundant collagen in cartilage and thus contributes most to the 

mechanical properties of the matrix [836]. Type II collagen fibres form around an inner core of type 

XI collagen, and sometimes occur externally decorated with type IX collagen, which auto-regulates 

type II fibre diameter [837], and is able to interact with the proteoglycan glycosaminoglycan (GAG) 

side chains [823, 838, 839 ]. Chondroitin and dermatan sulphate glycosaminoglycan side chains cross 

link to type II collagen, stabilising its structure [826]. Type III collagen associates with type II in the 

cartilage matrix [839], where it also binds von Willebrand factor [840]. 

Type VI collagen (1-3% [835]) mediates attachment of the chondrocyte to the pericellular 

matrix via integrin receptors, as well as hyaluronan [831, 841, 842], fibronectin [843], decorin [844], 

hyaluronan [842] and type II collagen [768, 838, 845]. Type VI is used as a marker to define the 

chondron microenvironment and identifies the chondron and bulk matrix [768, 799, 845].  

Both type XI [846] and IX [847] interact and bind with glycosaminoglycan side chains. Type 

IX has a role in matrix stabilisation in association with fibronectin [848]. Type XI regulates collagen 

fibre and proteoglycan interactions making up 1-2% of the total collagen present in articular cartilage 

[849] where it is predominant in the chondron capsule and matrix [831]. Type X collagen is involved 

in the calcified cartilage zone [824].  
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1.86 Cartilage Glycosaminoglycans (GAGs) 

The most significant glycosaminoglycans in hyaline cartilage are chondroitin sulphate (CS) 

[850], keratan sulphate (KS) [782, 851] and hyaluronic acid (HA) [852], all formed from unbranched 

long chain polysaccharides [770] (Figure 1.27). Chondroitin sulphate consists of repeating 

polymerised disaccharides composed of a hexose sugar, D-glucuronic acid and N-acetyl-D-

galactosamine sulphation sites [850], while keratan sulphate consists of galactose and N-

acetylglucosamine [782, 850]. Chondroitin and keratan sulphates are synthesised in the Golgi where 

they are covalently bound to a proteoglycan core protein and then sulphated prior to secretion. Post 

translational modification through the Golgi apparatus renders these as highly anionic polymers [853, 

854] (see Figure 1.28). Hyaluronic acid is uniquely synthesised at the cell membrane, consisting of 

non-sulphated disaccharides of glucuronic acid and N-acetylglucosamine [772, 853, 855]. 

 
Figure 1.27 Disaccharide components of hyaluronic acid, chondroitin-4, -6, and keratan sulphates. Modified from Silbert et 
al., (1995) [772] and Oelker et al., (2008)[856].  

 

1.87 Cartilage Proteoglycan Core Proteins and Glycoproteins 

Proteoglycans are classified according to the leucine repeats present in their core proteins 

[787, 790] and exhibit a wide variety of molecular shapes and weights, resulting in their diverse 

structural and adhesive properties [773, 857-859]. The primary proteoglycan in cartilage, aggrecan 

consists of a protein core with highly charged modifiable glycosaminoglycan side-chains of 

chondroitin sulphate and keratin sulphate [802, 860] (Figs 1.27-1.29).  
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Figure 1.28 Cartilage Proteoglycans: Aggrecan represents the largest proteoglycan contributor in cartilage, binding to 
hyaluronan on the cell surface and within the matrix. Hyaluronan is produced at the cell membrane by hyaluronan synthase 

(HAS) where it acts as a binding site for aggrecan and can also interact with the CD44 receptor. Syndecans and glypican 

associate with the cell membrane, while fibromodulin, decorin, and type IX collagen interact with, and bind to collagen 

fibrils (of types II, IX and XI). Perlecan and biglycan are also present but their role is less well defined. Reproduced and 
modified with permission from Knudson et al., (2001) [862].  

1.88 Aggrecan 

Aggrecan is a high molecular weight protein which forms a multi-domain structure 

contributing 80-90% of the proteoglycan content of cartilage [835, 863, 864]. Alternative splicing 

sites add to aggrecan core protein variability [863]. Up to 150 chondroitin and keratan sulphate GAG 

chains can be attached [860, 865] to the protein core, each consisting of lengths up to 1000 

disaccharide units [819]. Aggrecan assembles around a central fibre of hyaluronic acid, with up to 800 

aggrecans [866] tethered via Link protein [867], contributing to the high GAG mass (87% CS, 6% KS 

and 7% protein [838]) [860] (Figure 1.29). The aggrecan domain possesses a hyaluronan binding site 

(the G1 domain interacts with hyaluronan acid and the Link protein [860, 865], see Figure 1.29). Once 

secreted by the Golgi, aggrecan undergoes post secretion maturation, altering its binding and physical 

properties. It can then diffuse from the chondron into the territorial matrix, where it may be 

subsequently modified [860, 868], reprocessed or lost through diffusion [860, 869, 870].  

Proteoglycans are strongly hydrophilic, and their primary function in cartilage is thought to be 

to bind and retain water, providing the unique shock absorbing and lubricating properties of 

connective tissue. They are also vital for the formation, maintenance and functional support of 

chondrocytes within the pericellular microenvironment [835, 860]. Aggrecan is the predominant 

aggregating proteoglycan in cartilage, with minor amounts of versican, perlecan, aggrecan, syndecan, 

decorin, fibromodulin, biglycan and lumican. Cartilage glycoproteins include fibronectin, laminin, 

glypican, and tenascin [835, 861, 862, 838, 871, 872]. Cartilage contains only minor amounts of 

glycoproteins, where it is proposed that they function in matrix regulation [836, 872]. Proteoglycans 

decrease in size with age, and the glycosaminoglycan keratin sulphate content increases, while 

chondroitin sulphate respectively decreases [873, 874].  

Collagen type II fibril 
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Figure 1.29 The Proteoglycan Aggrecan: [A] The aggrecan core protein consists of three globular domains (G1-G3), an 

interglobular domain (IGD), and spanning domains G1 and G2. Globular domain G1 may interact with link protein (A) or 

bind to hyaluronan (B1-B2), while the IGD region contains two main targets of cleavage enzymes. Beyond the G2 domain 
there are attachment sites for keratan sulphate (KS), chondroitin (CS1-2), while the G3 region contains an epidermal growth 

factor (EGF) like-domain, and a carbohydrate recognition domain [860]. Reproduced with permission from Roughley (2006) 

[875]. [B] Aggrecan core proteins (with their many variable glycosaminoglycan chains of chondroitin and keratan sulphate) 

are connected via Link protein to a central fibre of hyaluronan [860]. [C] An electron micrograph (scale bar 0.5 µm) 
detailing the aggregate structure of aggrecan. Modified from Lu et al., (2008) [456]. 

1.89 Synthesis of Extracellular Matrix: Proteoglycans, GAGs and Collagen 

The Golgi apparatus acts as a shuttling centre in the secretory pathway, where proteins and 

lipids synthesised in the endoplasmic reticulum are sorted, post-translationally modified by families of 

specialist enzymes [141] and exported to their targeted destinations. Proteoglycan core proteins are 

sequentially assembled by specific transferases for the covalent addition of GAG components 

(reviewed in Prydz et al., (2000) [854]) and then undergo sulphation and increased charge density 

prior to export [141, 695, 772, 876-878]. Chondroitin sulphate attachment and synthesis upon 

proteoglycans occurs in the medial and trans-compartments [879] (see Figure 1.30) and involves at 

least 200 distinct glycotransferases and other enzymes [141, 693]. For a review of Golgi proteins 

involved in transport, signalling and tethering see Kümmel et al., (2011) [880], and on the sub-

compartment organisation for N-glycan enzyme processes Schoberer et al., (2011) [881]. 

 
Figure 1.30 The Golgi Apparatus: 

The biosynthesis of GAGs that 

occurs in the Golgi apparatus allows 
for post-translational modification of 

endoplasmic reticulum (ER) derived 

matrix proteins through transferases, 

polymerases and finally sulphation, 
before packaging and exocytosis to 

the extracellular domain. 

Reproduced with permission from 

Silbert et al., (2002) [882]. 
Compartmentalisation of the Golgi 

into the cis, medial and trans-

cisternal compartments allows for 

contained post-translational 
sequential enzymatic processes and 

sorting [141].  
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Collagen fibres consist of micro-fibrils composed of repeating specific amino acids of 

glycine, proline, hydroxyproline and arginine with a sequence pattern of Gly-Pro-X or Gly-X-Hyp 

(where X represents other amino acid residues). Peptide chains are synthesised upon the endoplasmic 

reticulum, where they undergo hydroxylation of lysine and proline amino acids, and glycosylation of 

specific hydroxylysine residues prior to formation of pro-collagens from pro-α chains (defined by 

three parallel left-handed helical coils) which are then transferred to the Golgi (see Figure 1.31) [141, 

827]. The Golgi post-translationally modifies pro-collagens, arranging them into cylindrical 

membrane bound distensions, which are released from the trans-saccules to form secretory granules 

for export [141, 691]. Upon secretion into the extracellular microenvironment, pro-collagen is cleaved 

by peptidase to form tropocollagen, which self-assembles into collagen fibrils, these in turn 

aggregating to form larger collagen fibres [141, 883]. 

 
Figure 1.31 Synthesis and Formation of Collagen: (1) Synthesis of the pro-α chain in the endoplasmic reticulum (ER) results 
in its transport to the Golgi apparatus for the sequential hydroxylation (2) and glycosylation (3) for the formation of triple 

helix based pro-collagen (4, 5), which is then packaged for secretion (6), where upon peptide cleavage (7) it self-assembles 

into fibrils (8) which aggregate to form large collagen fibres (9). Reproduced with permission from Alberts et al., (1983) 

[141]. 
 

1.90 Binding the Matrix to the Cell Membrane 

Cartilage is a tensegritous matrix that allows for the transmission of mechanical forces of 

applied load, to the cell and cytoskeleton, where the resultant stress is detected by matrix receptors 

[143, 153, 154, 457, 884, 886]. Each chondrocyte is enveloped in a specialised microenvironment of 

structured matrix macro-molecules which adhere to the cell membrane through families of specialist 

receptors [769, 862]. Some of these allow for the coupling of mechanical forces to the cell (Figure 

1.32), while other receptor complexes are involved in the transduction of bio-chemical signals [153, 

771, 886, 895].  

Families of cell specific membrane receptors are responsible for the transduction of a wide 

spectrum of extracellular signals originating from the extracellular environment. These also have roles 

in adhesion to extracellular matrix for homeostasis and development [885-888]. They include 
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integrins [889], G-coupled proteins [353], CD44 [890], purinergic receptors [891], tyrosine and 

histidine kinases [348, 892], toll-like receptors [893], and intracellular receptors [894] that are closely 

associated with secondary messengers. Activators of cellular response pathways include such 

secondary messengers as cyclic adenosine monophosphate (cAMP) [445], Ca
2+ 

[895] and the inositol 

triphosphate/diacylglycerol (IP3/DAG) pathway [782, 896], while extracellular signalling by receptor 

tyrosine kinases, integrins and ion channels results in activation of intracellular kinase/mitogen-

activated protein kinase (ERK/MAPK) pathway [782, 897-900]. The chondrocyte cell membrane 

contains a rich ‘channel-ome’ of receptors and ion channels reviewed by Barrett-Jolley et al., (2010) 

[901]. 

 

 
 

Figure 1.32 Chondrocyte Matrix Membrane Adhesion Receptors: Artistic visualisation of interactions between pericellular 

matrix components and the chondrocyte cell membranes. Matrix adhesion occurs through the hyaluronan receptor CD44, 

integrin, anchorin and NG-2. CD44 involves two chondroitin/heparin sulphate side chains which mediate hyaluronan 
binding of collagen type VI, which can in turn anchor collagens, proteoglycans and glycoproteins (see Figure 1.28). Integrins 

may bind directly to collagen type VI or through matrix molecules. Anchorin-CII binds collagen type II (which binds to type 

VI by its globular domain), while the NG2 receptor binds collagen type VI. Type XI collagen forms the core of type II 

collagen fibres, whose surface exhibits decorations of type IX collagen. Modified from Poole et al., (1992) [831]. 

 

1.91 Chondrocyte Matrix-Coupled Receptors 

Integrin structure, interaction and activation has been reviewed by Campbell et al., (2011) 

[902]. Integrins interact with cartilage matrix proteins of collagens of types II, III, VI and XI, as well 

as fibronectin (which binds to α5β1, α1β1 and αvβ3 [903, 904]) and laminin (α3β1, α6β1, α7β1 and 

α6β1 [905]), allowing for the physical coupling and the transmission of biomechanical impulses [769, 

819, 904]. Type II collagen is known to bind to the cell via integrins α2β1 [904] and α10β1 [906], 

type III by α1β1 and α2β1 [906], type VI by α1β1, α10β1 [897] and α3β1 [907] integrins. Type VI 

collagen also interacts with the neuron-glial-antigen-2 (NG2) proteoglycan receptor [907, 908], CD44 

CD44 

CELL MEMBRANE 
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[909] and anchorin-CII (annexin-V via type II) [831]. NG2, α3β1 integrin and Galectin-3 are reported 

to form a complex on the cell surface [910], with Galectin-3 reported to regulate α2β1-mediated 

adhesion to collagen IV [911]. Anchorin-CII also binds selectively to collagens types II and X [912]. 

CD44 interacts with collagen type VI (binding through hyaluronic acid) [831, 862] and it also binds 

aggrecan [862].  

Versican is known to bind to hyaluronan and tenascin (which binds to decorin [913]), is 

involved with receptors CD44, β1-integrin and also contains an epidermal growth factor domain 

[914]. Syndecan binds to collagen type III, fibronectin and tenascin [807]. Decorin binds to type VI 

collagen [844], and is an antagonist of the epidermal growth factor receptor (EGFR) [915]. Biglycan 

interacts with type II collagen and BMP growth factors [916, 917], while glypican is involved with 

the Sonic Hedgehog (Shh) signalling pathway [416].  

1.92 Cartilage Biomechanics: The Chondrocyte Microenvironment 

Physiological compressive forces applied to cartilage are normally uni-directional, causing 

the normally spherical chondrons to deform laterally into oblate spheroid shapes. Proteoglycans are 

limited in their hydration to about 20% of their swelling potential by the collagen network. When load 

is applied, elastic deformation results in water loss from proteoglycans within the zone of 

deformation, which equilibrates when the change in osmotic pressure balances the applied load. Upon 

the cessation of load, this osmotic differential results in fluid restoration and recovery from the 

cartilage deformation [768]. Normal load bearing activities within cartilage may result in hydrostatic 

pressures ranging from 100-200 atmospheres (10-20 MPa) [810, 813] over millisecond time periods 

819] during cartilage matrix deformation. Extreme sustained loads of between 15-20 MPa in bovine 

cartilage have been shown to disrupt collagen fibres and result in death of the enclosed chondrocytes 

[918]. However, apoptosis may be induced following pressures as low as 4.5 MPa [919], and collagen 

degradation may occur between 7-12 MPa [774, 919]. Degradation of matrix plays a key role in the 

progressive wearing of articular surfaces, resulting in the degenerative changes associated with 

osteoarthritis [365, 585, 774, 819, 919-920]. 
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Chapter Two: Methods 

2.0 Overview 

The premise of electron microscopy is to adequately fix biological materials, to provide heavy 

metal contrast, process into resin, cure and section so as to examine thin slices of the preserved 

structure in vacuum with the use of transmitted electrons to generate images.  

The ability to resolve structures is dependent upon the uptake of stain, and the resilience and 

preservation of delicate structures through a number of extreme chemical processes. As such, artefacts 

may be introduced at any stage of the process, raising the question as to how much of any structure 

retains its true form after processing, dehydration and embedding [921]. However, with careful 

attention to details and implementing appropriate strategies, one may expect to achieve a compromise, 

especially in cartilage. This has been achieved with the use of ‘Ruthenium Red’, which provides 

superior staining, and is also believed to reduce artefact formation through stabilisation of membrane 

structures.  

 

2.10 Introduction: Electron Tomography and Primary Cilia 

Electron Tomography (ET) is a technique for visualising cellular organelles and supra-

molecular complexes at high resolution [922-928]. It entails the collection of a series of digital images 

at different known angular tilts (±70°) from a three dimensional specimen (200-450 nm thick) in a 

transmission electron microscope (TEM). Image projections are then processed to produce a 

tomogram which represents a three dimensional reconstruction of the object [929-933]. This method 

is analogous to modern medical tomography imaging technologies and is ideally suited for 

reproducing high resolution images otherwise unobtainable with conventional ultrathin TEM. In this 

study, a model connective tissue preparation was used to image chondrocyte primary cilia by ET, 

which generated tomograms with an average resolution of 1.2 nm (Figure 2.1). 

 

Figure 2.1 Imaging Resolution of Electron Tomography compared with Confocal Microscopy: Comparison of available 
‘slice’ resolutions between light microscopy and electron tomography. Ultrathin (100 nm) and semithick (350 nm) sections 

are utilised for electron microscopy and tomography respectively. Reproduced and modified with permission from Dr 

Harland [934]. 
 

2.11 Connective Tissue Models 

Chick embryo sternal cartilage and flexor tendon have previously served as connective tissue 

models to study primary cilia structure and function under both compressive and tensile loads [25, 
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26]. In this study it was found that tendon was extremely difficult to section reliably and cilia, when 

identified, were almost always acutely deflected and / or projecting out of the plane of section. Sternal 

cartilage was therefore chosen as the ‘model connective tissue’ with the chondrocyte as the model 

cell, both in vivo and in vitro.  

 

2.12 Embryonic Chick Sternal Cartilage: A Model Tissue 

Embryonic sternal cartilage was chosen as a model tissue for a number of reasons. The three 

cartilage vanes of the chick embryo sterna were easy to dissect, prepare, fix and embed for electron 

microscopy. The presence of low cell numbers and a developing matrix allowed for smooth 

sectioning, providing excellent contrast and little obstruction for viewing between the extracellular 

matrix and the chondrocyte. Chondrocyte cilia appeared to be shorter and less deflected in their 

projections than those of other connective tissues, making chick embryonic sternal cartilage an ideal 

tissue model to investigate the relationship between the extracellular matrix, the primary cilium, 

cytoskeleton and the Golgi apparatus [97].  

 

2.13 Chick Embryo Cartilage Fixation: in vivo 

Chick embryo sternal cartilage was harvested after 15 days incubation at 39°C, and cut into 1 

mm
3
 pieces for embedding (producing tri-lateral segments). They were fixed in 2.5% glutaraldehyde 

with 1600 ppm Ruthenium hexamine tri-chloride (RHT) for 16 hours at 37°C and post-fixed in 1% 

osmium tetroxide (OsO4) with 1600 ppm RHT at 4 ºC for 4 hours, followed by en bloc 4% uranyl 

acetate for 2 hours in 50% ethanol. RHT, commonly known as ‘Ruthenium red’, was used to 

complement the fixation of cartilage and to stabilise proteoglycan and glycoprotein in the extracellular 

matrix. Samples were stained with RHT, as previously described [26, 935-937], and semithick 

sections examined for staining quality (Figure 2.2). 

Applications of cryogenic preservation techniques have demonstrated chondrocytes in their 

near ‘native state’ [938-943]. Hunziker et al., (1987) [939] indicated that this resulted in retention of 

extracellular matrix proteoglycans, although there was some migration of proteoglycan. Thus, the 

preservation and preparation of chondrocyte extracellular matrix for tomography through chemical or 

cryogenic techniques represents a trade off in 

performance of available fixation strategies. With 

the need to find chondrocyte primary cilia by 

large scale serial sectioning, conventional resin 

processing was favoured over more complex and 

intricate cryogenic strategies.  

Figure 2.2 Chick Embryo Cartilage: A semithick section of 

chick embryo sternal cartilage detailing the extracellular 

matrix, chondrocytes and their primary cilia. Axis of tissue 

indicated by dashed line, and the presence of primary cilia 
by arrowheads. 
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2.14 Chondrocyte Cell Culture: in vitro 

Wild-type postnatal ovine chondrocytes were obtained from an ethically approved (AEC 

88/07) cryogenic Bio-bank. Cells had been cryogenically preserved at a concentration of 1x10
6
 

cells/ml, with Advanced Dulbeccos’ Modified Eagle Medium (aDMEM)/20% Foetal Calf Serum 

(FCS) (Invitrogen, New Zealand)/20% Di-Methyl-Sulphoxide (DMSO) for cryo-protection and stored 

in liquid nitrogen (-195 C) [941-943]. Reanimated cryotubes were thawed in a 37 C water-bath, 

wiped with ethanol, and washed in a 15 ml Fisher Falcon tube with aDMEM/Penicillin-Streptomycin-

Glutamine (PSG). After centrifuging at 600g for 5 minutes, cells were resuspensed in 100 µl of 

aDMEM and 2 µl extracted for cell counting and determination of cell viability using trypan blue 

exclusion. Primary cell lines were cultured in aDMEM with 1% PSG and 5% FCS. Cells were 

transferred to T75 flasks for culture (seeded with 200,000 viable cells) to expand cell numbers and 

plated upon 13 mm diameter Thermanox
TM

 or glass cover-slips (Thermo Scientific, USA), which 

were placed in 24 well plates and incubated at 37 C/5% CO2. Once at 80% confluence, they were 

‘serum starved’ (aDMEM/PSG without FCS) for 3 days prior to fixation. This increases expression of 

primary cilia, which project down onto, and become aligned in parallel with, the substrate [31, 944] 

(Figure 2.3).  

 

Figure 2.3 Cell Culture: Confluent serum starved chondrocytes prior to fixation, 40× magnification.  

 

2.15 Fixation of Cultured Cells 

Chondrocytes were grown upon Thermanox or glass cover-slips and subsequently processed 

through a variety of methods in line with several established protocols [26, 945-947]. A number of 

experimental variations were explored for their suitability for optimising the detection of primary 

cilia. After several trials the following protocol was adopted. Cells on cover-slips were fixed in 2% 

glutaraldehyde at 37°C, post-fixed in 1% OsO4 with 1600 ppm RHT or 1% uranyl acetate en bloc, 

followed by dehydration through a progressive series of graded ethanol concentrations. After transfer 

to propylene oxide, samples were embedded in EMBed-812 resin and left to polymerise on a small 

resin chip at 60°C for 24 hours. Cover-slips were placed in specially designed Teflon holding 

canisters for processing. Thermanox was removed by heating on a hot plate or cooling in dry ice or 
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liquid nitrogen and then peeling it off. Glass cover-slips were removed by thermal shock, or by hydro-

fluoric acid, leaving the substrate side containing cells exposed at the resin surface for sectioning. 

 

2.20 Fixation, Osmification, Ruthenium Red (RHT) and Artefacts 

Fixation by glutaraldehyde primarily cross-links protein amino acids and deforms the α-helix 

structure, although it does cross-react to some degree with lipids, some carbohydrates and nucleic 

acids [948]. The large molecular size of glutaraldehyde results in a rate of penetration of less than 1 

mm per hour into tissues [949] Optimal fixation for tissues and cell cultures requires a constant 

temperature to avoid microtubule depolymerisation. OsO4 is itself a microtubule destabilising agent 

and potent oxidiser [949-951]. It directly embeds into membranes due to reactions with phospholipids, 

preventing their coagulation during dehydration, and also serves as a heavy metal stain [950, 951]. It 

is believed that in fixed tissue, OsO4 is initially covalently bound in both hexavalent and tetravalent 

states, but upon dehydration and embedding it forms a black dioxide of OsO2 [952]. During 

dehydration, alcohol and propylene oxide further denature proteins and may cause further chemical 

modifications. Much attention has been paid to the roles of these solvents in creating secondary 

artefacts, in particular interactions with membranes, generating vesicle structures from free lipids 

[945]. Loqman et al., (2010) [946] demonstrated that adjusting fixative solutions to closely match the 

native extracellular osmotic pressure abolished a number of presumed artefacts and cell shrinkage 

arising from unmatched preparation. This osmotic protection extended to the use of RHT, which was 

shown to reduce artefacts, but samples still experienced some shrinkage effects. It is believed that 

RHT acts to stabilise cell membranes, reducing artefact formation, thus aiding in preserving structure 

during fixation. 

 

2.21 Fixation with Ruthenium Complexes 

Ruthenium hexa-amine-trichloride (RHT), or ammoniated Ruthenium oxy-chloride 

[(NH3)5Ru-O-Ru(NH3)4-O-Ru(NH3)5]
6+

, commonly known as ‘Ruthenium Red’ (Mangin (1890) 

[947], prepared according to Fletcher et al., (1961) [953]), is a Platinum Group hexavalent inorganic 

dye (Figure 2.4). Originally used as an optical stain and cationic tracer, in combination with OsO4 it 

has been extensively applied in electron microscopy. RHT has a relatively high molecular weight 

(858.5), a high charge density, and is opaque to electrons [935]. It exists in an ammoniated oxy-

chloride complex of estimated volume of 0.762 nm
3
 with an interpreted diameter of 1.13 nm [935, 

954-956]. Theoretically, its small size allows for passing through some pores, but not coherent 

membranes, while its strong cationic charge lets it associate selectively with negatively charged 

structures and poly-anionic substances [957]. This is due to the close intercalation ability of RHT to 

electrostatically bind with interaction sites, where it may also facilitate catalytic electron transfer with 

substrate molecules. 
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Figure 2.4 Ruthenium Hexa-amine-Trichloride: A proposed structure of the Ruthenium cation complex [958], [(NH3)5Ru-O-
Ru-(NH3)4-O-Ru(NH3)5]Cl6. 

 

Ruthenium red has been used extensively as an electron-dense stain for muco-

polysaccharides, glycoproteins and extracellular matrix components [935, 936, 954, 959-961]. 

Optimal results have been obtained by the inclusion of RHT with glutaraldehyde fixative, followed by 

a combination of RHT with OsO4 prior to tissue osmication [935, 959-961]. RHT exists in 

equilibrium as a number of complex species (Ruthenium brown, red and violet cations), which also 

bind to anionic glycosaminoglycans and polysaccharide structures within tissues [935].  

It is believed that ‘Ruthenium red’ is oxidised to ‘Ruthenium brown’ by OsO4, which is then 

available to oxidise polysaccharides (to which it is bound), reverting in the process back into 

‘Ruthenium red’. This allows the process to be repeated at the reaction site, and also forms the 

insoluble electron opaque osmium dioxide (OsO2) by-product. This mode of action allows for the 

deposition of multiple molecules of osmium oxide per saccharide interaction, but it only occurs in the 

presence of RHT [935, 936].  

Many authors have reported variable results with RHT, which could reflect subtle variances 

in preparation techniques [936, 963]. Luft (1971) [936] indicated that the intracellular space was 

inaccessible to RHT penetration, although results could be indeterminate and controversial in this 

regard [960]. He also mentioned a number of exceptions, namely the nuclei of chondrocytes and oral 

epithelial cells, as well as mast cell granules, which have readily taken up the dye [936]. This effect 

appears to be due to the settling time of the RHT-OsO4 mix prior to use, where it is believed OsO4 

generates Ruthenium coupled reactions resulting in enhanced cellular penetration. The effectiveness 

of the staining, as noted by Luft (1971) [936] and Hagiwara et al., (1992) [961], is of such density that 

further post-staining is unnecessary, as the effect is even optically visible in samples. In the present 

work, RHT together with OsO4, gave superior fine resolution imaging. 

 

2.22 Fixation of Extracellular Matrix Proteoglycans 

Glycosaminoglycans and muco-polyaccharide proteoglycans are not adequately fixed by 

treatments of glutaraldehyde or osmium tetroxide, resulting in loss of much of their respective vital 

structures during the process of dehydration and embedding. Hence, to accurately study extracellular 

matrices, one is faced with the problems of preventing not only artefact formation, but also fixing, 

retaining and staining members of extracellular matrix components. RHT is one of the most widely 

used dyes for localising proteoglycans [962], and, when used in combination with glutaraldehyde and 

OsO4, provides excellent stabilisation, staining and contrast of matrix components in cartilage [959, 
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961, 964-970]. This stabilising effect prevents degradation and loss of proteoglycans and 

carbohydrates during chemical fixation and processing, allowing preservation of their spatial structure 

for resin embedding. It is believed that chemically fixed ‘matrix granules’ (which are observed in the 

electron microscope) are precipitates of stained proteoglycans which have become condensed through 

the combined effects of the cationic dye and the dehydration process [966, 967]. Hunziker et al. 

(1981) [959] noted the presence of matrix granules after OsO4/RHT treatment which produced 

repeatable superior results for preservation of cell membrane components and pericellular matrix 

proteoglycans. Other authors have noted improved ultra-structural cartilage fixation and prevention of 

proteoglycan loss during fixation using an RHT/OsO4 combination
 
[960, 966, 968-970]. Loqman et 

al., (2010) [946] and Swan et al., (1999) [971] have shown that careful attention to fixation strategies 

and osmolarity protection greatly reduced shrinkage issues and artefacts, resulting in improved overall 

preservation. Thus, although some matrix granule artefacts may result, RHT treatment preserves 

structures with which it interacts and represents the stain of choice for highlighting interactions 

between the matrix and cilia in chondrocytes [25, 26].  

 

2.30 Serial Sectioning and Detection of Primary Cilia 

Resin blocks were sectioned on a Reichert Ultra-Microtome E (Reichert, Austria) yielding a 

selection of candidate cilia which were completely contained within the semithick sections (350-550 

nm) and therefore suitable for electron tomography. Sections were held together with improvised glue 

(formvar solution with dissolved Sellotape glue spray) before placement upon formvar-coated parallel 

slot copper electron microscope grids. Cell culture samples were cut into pieces to be mounted upon 

resin stubs for en face serial sectioning as above. Ultrathin sections were post-stained with 2 % uranyl 

acetate and 1 % lead citrate using the automated LKB 2168 Ultrostain grid stainer (LKB-Produkter 

AB, Bromma, Sweden, 1985). 

Sternal chondrocytes were easier to serially section than tendon, and repeatedly produced 

excellent uniform ribbons (Figure 3.2A). During embedding sternal tissue sections were arranged in a 

known orientation with respect to the tri-lateral orientation of the cartilage, with blocks then being 

sectioned perpendicular to this. Mounting of serial ribbons onto parallel slot grids allowed for 

inspection in the direction of sectioning, for the identification of candidate cilia (Figure 3.2 A and B, 

arrows). 

 

2.31 Semithick Sectioning of Sternal Cartilage  

As a model connective tissue, sternal cartilage exhibits a low cell density (2-5 × 10
5
 cells/mm

3 

[28]), so that the probability of encountering a complete cilium within the plane of a semithick (350 

nm) section is low. This is partially compensated for by chondrocytes usually having shorter cilia in 

comparison to other cell types [365, 972], thus increasing the odds of finding complete aligned cilia. 

The chance of obtaining a primary cilium fully aligned in the plane of an ultrathin (100 nm) section is 
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low [973], but increases proportionally with thickness. However, TEM imaging quality decreases with 

increasing specimen thickness, which is exaggerated at high tilt angles during tomography, 

influencing imaging data quality. Thus, the choice of section thickness represents a trade-off between 

cutting a section thick enough to contain a cilium, but thin enough to retain imaging quality, 

especially at high tilt angles [975]. In reality cilia are always to some degree bent in their projection 

within the matrix, complicating the search for candidate samples of aligned cilia suitable for 

tomography [25, 26, 100]. Since serial sectioning of chondrocyte connective tissue resulted in a low 

incidence of cilia in their longitudinal axis [973] due to their pseudo random projection within the 

matrix [31, 100, 973, 974], it became necessary to investigate cell culture techniques to increase the 

incidence of candidate cilia. 

 

2.32 Tomography of Monolayer Cell Culture: Aligning Cilia With The Substrate 

 Analysis of primary cilia in cell culture has been aided by the observation that in many cells 

the cilia are aligned with the substrate [31, 63, 976] (Figure 2.5). It has been observed during cell 

culture that cell cycle arrest, through ‘serum starvation’ [986] increases the interphase expression of 

primary cilia [120, 977, 978, 985]. Albrecht-Buehler (1977) [979] examined large numbers of cells in 

culture and found that of their primary cilia, 73% ran parallel with the basement substrate whilst the 

other 27% were oriented apically upwards. Vorobjev et al., (1980) [980] examined 11 interphase 

cells, in which cilia were aligned not less than 75 degrees to the substrate (P<0.00125), however this 

was not observed during G2-phase or mitosis [63]. 

An in vitro preparation represents a significant improvement in the incidence of usable cilia 

per section over in situ sectioning. The precise mechanisms by which chondrocytes cilia become 

aligned with the substrate presently remains unknown, however it is most likely due to a combination 

of a number of effects ranging from loss of micro-environment to culture media, and involving planar 

cell polarity and cytoskeletal rearrangement [981, 982]. Wheatley et al., (2000) [983] reported the 

presence of 5% bi-ciliated (and some multi-) ciliated centrosomes of cells in culture. It has been 

shown de-differentiation occurs during monolayer cell cultivation of chondrocytes [984], with Alieva 

et al., (2004) [985] indicating that unreliable data could result, as primary cilia in vitro may not be 

functioning correctly, since the cell is not in its native environment [986].  

The application of cell culture allowed for the easy and accurate investigation of the proximal 

centriole with respect to the basal body, which was previously difficult to establish in situ. The correct 

polarisation of the orthogonal arrangement of the diplosomal centrioles has resulted in confusion 

within the literature, as many illustrations of them have been either vague or inaccurate [94].  
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Figure 2.5 Tomography of a Primary Cilium 

Aligned with the Substrate: A tomogram 
optical section of an ovine chondrocyte in 

culture. The cilium is located beneath the cell, 

in a juxta-nuclear position, and is surrounded 

by a unique membrane encapsulate bound by 
the substrate. Centrosomal microtubules are 

aligned in a lateral radiating ‘fan out’ pattern, 

notably from the basal body, while the 

proximal centriole is seen tethered closely 

nearby.  
 

 

 

2.40 Investigative Electron Microscopy 

Investigative microscopy of semithick serial sections for candidate cilia was carried out using 

low voltage microscopy (100 kV on a Philips 410 with a LaB6 filament) at low beam currents to 

prevent aging and damage to the resin. Detailed, image based maps of each electron microscope grid 

were constructed to aid in the re-identification of suitable cilia for electron tomography. These maps 

noted the position of cilia with respect to the cells in the section, and their relative positions on the 

grid. Captured images of primary cilia were measured using ImageJ [987]. 

 

2.41 Fiducial Marker Application 

For accurate tomography reconstruction, electron-dense fiducial markers were added to the 

section for tracking purposes (Figure 2.6). Grids containing suitable candidate sections for 

tomography were labelled with 15 nm gold fiducial markers (British Bio-Cell, UK). Adequate 

application upon both sides of the electron microscope grid is required for use as electro-optical 

markers. Due to differences in material properties between the formvar and the resin of the section 

surfaces, gold fiducial applications require longer settling times upon formvar (by a factor of 30) in 

order to acquire suitable coverage densities for tomography.  

 

Figure 2.6 Fiducial Markers: Application of 15 nm gold markers upon a section containing a cultured chondrocyte primary 
cilium aligned in the direction of the substrate. Fiducial coverage aids in alignment and reconstruction of tilt series images. 

Scale bars 500 nm. 
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Fiducials were applied undiluted to the top (resin section) and bottom (formvar) sides of the electron 

microscope grid, for between 2-4 seconds, and 60 seconds respectively (rinsed off in distilled water) 

achieving a uniform distribution of 10-15 fiducials per square micron per side. Grids were inspected 

in a Philips 410 TEM to monitor application. Excess application of gold fiducials was found to make 

tomography impossible, as it ‘drowned out’ the signal to noise ratio of the images. 

 

2.42 Imaging Microscope 

Electron tomography was carried out at AgResearch Limited, Lincoln Research Centre, using 

a FEI Tecnai G
2
 T30 300 kV transmission electron microscope (FEI Company, Oregon, USA) with a 

LaB6 filament electron source. Single and dual axis tomography was undertaken at 300 kV, in a single 

axis tilted through ±64.5° at 1.5° increments. Images were collected with a Tietz camera (2048 by 

2048 pixels, 12 bit). Not all specimens were suitable for dual axis tomography, as they were located in 

proximity to grid bars or close to the edge of sections Figure 3.2 (D- F). This sometimes resulted in 

occlusion of the image along one axis at higher tilt angles (Figure 3.2 E) or precluded imaging from 

contrast effects (Figure 3.2 F). During long data acquisition periods under the beam, electron heating 

aged the samples, leading to structural changes affecting the ability to reconstruct images into a 

tomogram. 

 

2.43 Remote Tomography  

Remote tomography was undertaken using the Kiwi Advanced Research Network (KAREN) 

between AgResearch Ltd in Lincoln and the Otago Centre for Electron Microscopy in Dunedin. This 

allowed the remote user to access the microscope via video-audio-link, to interact with technical 

personnel supporting the acquisition of the tomograms and to securely transfer images and data files 

offsite. This allowed for rapid feedback, as the user was able to quickly ascertain the quality of the 

data through remote viewing and reconstruction without being physically present at the AgResearch 

Lincoln Research Centre (Figure 2.7). 

 

 

Figure 2.7 Remote Electron Tomography: Electron tomography undertaken over the KAREN network. Electron tomography 
data is acquired remotely, where monitoring of the process and tilt series data are transferred over the KAREN network for 

remote parties.  
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2.44 Specimen Attrition  

Many otherwise excellent cilia were found to be unsuitable for tomography. For example, 

some were either too close to the grid bars, too close to the edge of the section or located at extremes 

towards the edges of the electron microscope grid which resulted in difficulty tracking during tilting 

or loss of imaging. Of those suitable cilia sampled at 300 kV, there was a high (50%) attrition rate 

during tomography, where sections physically failed under the microscope beam, or significant 

section aging resulted in failure to recombine the image alignments into a tomogram. Final inspection 

resulted in the discarding of many apparently suitable tomograms, as their quality proved inadequate 

for analysis. Handling and processing errors also destroyed specimens.  

 

2.45 Collection and Analysis 

Conventional electron microscopy provides projected spatial resolution in one dimension and 

is limited to ultrathin sections, while tomography provides a better spatial resolution. Single axis 

reconstructions result in missing geometric information known as the ‘missing wedge’ problem [988, 

989] which is also present to a lesser extent in dual axis recombination [990-992] (Figure 2.8). Dual 

axis tomography provides improved resolution by the incorporation of two tomograms taken at 

orthogonal angles to each other and combining them into one, a more challenging task in terms of 

sample aging and distortion during acquisition. 

 

Figure 2.8 The ‘Missing Wedge’ Problem: A series of images of a sample section is gathered by the transmission of 

electrons onto a detector over a series of tilt angles (± 65°) [A]. These are reconstructed so as to represent the volume 
imaged. However, it is not possible to tilt the specimen through all angles to reconstruct a full theoretical volume [B]. For a 

single axis acquisition, incomplete geometric information is represented as a ‘missing wedge’ (red) [C], which is reduced by 

incorporating dual axis images [D], taken at 90 degrees to each other. Reproduced and modified with permission from Dr 

Harland, AgResearch Ltd, Lincoln, personal correspondence. 

 

Many parameters during tilt series image acquisition are under the control of the operator 

while others are automated processes within the microscope. Successful reconstruction of gathered 

data depends upon tracking each successive tilt series image with the aid of surface localised 

specialised markers on both sides of the section for determining the image axis and location through 

the full tilt range (Figure 2.9). Image series at known tilt angles are first processed, filtered, aligned 

and selected fiducial markers are then used to calculate an exact alignment solution to produce a 

C D A B 
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tomogram using digital software. The process of tilt series acquisitions are visualised as animations 

listed in Appendix VII, Section 7.1. 

 

Figure 2.9 Data Acquisition: Tilt series images of a 300 nm semithick section containing a chick sternal chondrocyte primary 

cilium, taken in the Tecnai G2 T30 electron microscope imaged at 300 kV. This tilt series is visualised as an animation 

<TiltSeries K10.avi>, listed in Appendix VII, Section 7.1. 

 
Various software packages are available for aligning, tracking and reconstruction of a 

tomogram (such as IMOD [993], TomoJ [994, 995] and microscope specific packages) as well as for 

alignments without using fiducials [931]. IMOD, developed by Mastronarde and Gaudette and 

supported by the US National Centre for Research Resources [996], was chosen as a reconstruction 

and modelling package as it is recognised as the present standard freeware package. Tomograms are 

viewed as images conventionally in two dimensions as ‘optical slices’ (as seen in Figure 2.5) in the 

form of layered z-axis images. These differ from conventional ultrathin images in that their thickness 

is in the nanometer range (Figure 2.1). A series of optical slice images maintains structural 

information between consecutive images, allowing for precise determination of intricate features. 

Thus, ET provides detail of macromolecular assemblies such as membranes, microtubules, fibres and 

other complexes [924] at a resolution much greater than conventional TEM [932].  

 

2.46 Data Processing 

Data processing was carried out in the IMOD package (several upgrade versions) using an 

Intel® Core (TM2) Quad CPU Q8200 operating at 2.23 GHz with 4 GB of RAM. Single and dual 

axis tomograms were aligned and reconstructed using back projection and combined using IMOD 

[992]. Models were constructed using the ‘eTomo’ interface, allowing analysis and viewing of the 

biological volume in three dimensions [997].  

 

2.47 Fiducial Tracking 

To obtain the best tracking solutions, fiducials were chosen specifically for their ability to 

provide good contrast and visibility over the full range of imaging angles between consecutive frames, 

ensuring complete tracking solutions for all marker beads. This is necessary as many fiducials are not 

visible within the imaging field over all tilt angles, whilst others become occluded or obscured during 

tracking at higher tilt angles where the semithick section thickness increases, resulting in local 
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tracking errors (Figure 2.10). Fiducial tracking errors are visualised in series of animations listed in 

Appendix VII, Section 7.2, with animations of tomogram stacks in Section 7.3. 

 

Figure 2.10 Fiducial Tracking in IMOD: [A-C] details tracking of gold markers across aligned tilt series prior to final 

tomogram formation. Enlarged views in [A’, B’ and C’] show the process of the induction of tracking errors (direction of 

motion, arrows) where fiducials come into occultation. Errors can also occur from background signal levels during tracking 

at higher tilt angles due to the increased effective imaging thickness. Animations are listed in Appendix VII, Section 7.2: 

<Fidtrackone.avi> and close up view in <Fidtracktwo.avi>. 

 

2.50 Analysis and Modelling of the Tomogram 

Visualisation of structures is achieved in IMOD (3DMod) through tracing components of 

interest, forming a three dimensional representation based on contour mapping and volume rendering. 

Vesicles were hand traced with drawing tools in the ‘zap window’ in the z-axis, with each new vesicle 

assigned a new unique model object number with selectable colour. Vesicle components of the Golgi 

apparatus were broken into their respective cis, medial and trans compartments, and were each 

grouped as distinct objects, while the nuclear and cell membranes and vesicles were each treated as 

individual objects. The ciliary pocket invagination was treated as a distinct structure, which also 

encompassed part of the ciliary membrane (due to the axis of the cilium within the section). The other 

half of the ciliary membrane was modelled as an extension of this structure, giving rise to the two 

element membrane model (Figure 2.11). The ‘image slicer window’ allows for visualisation of the 

tomogram ultrastructure in any plane, aiding the tracking and tracing of finer components, such as 

filaments and microtubules. Microtubule tracing within the axoneme and basal body was problematic 

due to the close spacing of microtubules and the twisting inward taper in their projections.  

The 3DMod ‘iso-surface’ volume rendering function allowed complex electron-dense deposits and 

surfaces to be averaged and modelled as discrete volumes. Matrix granules, luminal deposits, 

microtubule deposits, y-shaped linkers, alar sheets and basal feet were modelled in this way.  

Model construction was an intensive iterative process. Once structures had been meticulously 

traced, error checked and confirmed as accurate, they were saved as distinct objects. Model elements 

could be measured, spatial inter-relationships mapped and volumes ascertained. These processes are 
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time consuming, as manual tracing, control and input is required to generate model components and 

then display them. Automated image processing, data extraction and modelling for tomography is not 

yet possible. Animations of tomogram stacks are listed in Appendix VII, sections 1.3, while model 

constructions are listed in Section 7.5. 

 

Figure 2.11 The Modelling Process: [A] Manual tracing of vesicles and microtubules produces a ‘raw’ layered view in 

3DMod prior to meshing. Meticulous attention to detail ensured the accurate translation of information between successive 

optical slices of the tomogram for forming each object [B]. Details of the ciliary membrane surrounded by the extracellular 
matrix are seen in [A], with [B] detailing the ciliary pocket and cytosolic vesicles. Individual objects are assigned distinct 

distinguishing colours for clarity and identification. Animations of the coarse tracing process of model generation are listed 

within Appendix VII, Section 7.5. 

 

2.51 Model Display 

Objects were organized into groups defined by their ultra-structure. Tubes were used to form 

microtubules, intermediate filaments, actin and subdistal fibres, while vesicles and membranes were 

modelled as open or closed surfaces. Smaller electron dense deposits were displayed as solid 

volumetric renderings. Each object may be individually or selectively visualised by the user, with 

optional control over colour shading and transparency being possible. Object selection allows for 

individual or groups of objects to be examined, their spatial geometry and inter-relationships to be 

investigated. Screenshot capture sequences allowed for the generation of animations providing a three 

dimensional perspective. 

 

2.6 A Virtual Cilium: SolidWorks 

A classical reference image of an ultra-structural cross-section of a centriole from the 

frontispiece of Wheatley’s book The Centriole: A Central Enigma of Cell Biology [63] was imported 

into SolidWorks (Dassault Systèmes, SolidWorks Corp
1
) for the purpose of forming an electronic 

template for the generation of a virtual cilium (Figure 2.12 A, B). Components could be extruded 

forming the triplets and inter-triplet linkages of a basal body (Figure 2.12 C and D) along with the 

axoneme sub-fibre doublets (Figure 2.12 E and F). The nine-fold (40°) symmetry of the model triplets 

should be noted, and also a slight distortion of the original image (which may be due to the technique 

used to generate the original image (Figure 2.10 A, B). Microtubule triplet and linkage lengths were 

                                                             
1 http://www.solidworks.com/ 
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extruded to match ultrastructural results (Figure 3.4), while doublet lengths were derived from the 

tomographic model data, providing an anatomical comparison in Figure 3.4 F.  

 

 

Figure 2.12 The Virtual Cilium: Extruded from a pictorial template into a structural likeness based upon tomographic data 

obtained from [A] and Figure 3.4. This model is visualised in animation <SolidWorksModel.avi> listed in Appendix VII, 
Section 7.7. 

B 

D 

A C 

E 

F 
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Chapter Three: Results 

3.0 Introduction 

All cells communicate with their extracellular microenvironment, yet up to the present the 

significant role of the primary cilium has been overlooked. Many researchers have studied primary 

cilia in the past, including using various biomechanically responsive connective tissues. In this work 

two connective tissue types have been investigated as a source of primary cilia: chick sternal cartilage 

and the flexor tendon of the chick Gallus domesticus. Flexor tendon was found to be too difficult to 

section reliably, hence sternal cartilage was utilised for tomographical investigation. Ovine 

chondrocyte cell culture served as a supplemental approach for investigating primary cilia. 

 

3.1 Mechanical Connective Tissues: Tendon 

Flexor tendon was sectioned longitudinally (with the grain of the collagen fibres) revealing 

highly aligned collagen bundles surrounded by tenocyte support cells (see Figure 3.1 A). Primary cilia 

were usually found to be deflected, and no cilia were found completely contained within a thick 

section. Some cilia were found seated within invaginations of the ciliary pocket, or protruding 

between bundles of collagen bundles. A high percentage of those observed were found to be highly 

deflected in their projection from the cell, so as to run parallel with the collagen fibres (Figure 3.1 B). 

This orientation made it virtually impossible to obtain a complete primary cilium within the plane of 

the section. A well-developed endoplasmic reticulum and sparse Golgi structures were observed 

within many cells. Transverse sectioning revealed tight bundles of highly polarised collagen bundles 

in the extracellular space, each consisting of hundreds of uniform arrays of collagen fibres, and with 

tenocyte cilia protruding between bundles (Figure 3.1 D-F). 

 

3.2- 3.3 Mechanical Connective Tissues: Chondrocyte Cilia Morphology and Staining 

The choice of sternal cartilage was fortuitous, for investigation of chondrocyte primary cilia 

revealed they were generally undisturbed in their linear projections, increasing the odds of being 

completely contained within a semithick section (Figure 3.2). Two electron microscopy staining 

techniques were utilised for electron microscopy, conventional fixation with en bloc uranyl acetate, 

and ‘Ruthenium Red’, a platinum group transition metal utilised specifically for the fixation, retention 

and staining of extracellular proteoglycans and saccharides. Conventional electron microscopy 

staining revealed an interspersed network of collagens and some weakly stained structures, while the 

Ruthenium treated cartilage reveals not only this network, but the finer details of proteoglycans and 

matrix granules, which are not fixed or retained by conventional treatment techniques. Cilia were 

found in various projections, including being retracted (or invaginated) within the cell and being 

closely ‘pocketed’ by the membrane (see Figs 3.2 F, 3.3, and 3.5). 
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3.4 The Chondrocyte Primary Cilium: In vitro 

The basal body form was similar to that described in other centriole studies [28, 29, 45, 998], 

as a longitudinal cylindrical barrel-shaped body comprised of nine semi-equidistant microtubule 

triplets, nominally 200 nm in diameter and inclined to the main ciliary axis with a left-hand ‘curl’ or 

twist in the positive microtubule direction. This allows for the determination of cilium microtubule 

direction in conventional ultra-thin sections, as viewed in the series from Figure 3.4 L-Q. The inner A 

and B-subfibres form the axoneme microtubule doublets, while the C-subfibre demarcates the basal 

body. Inter-triplet linkers are seen between the A and C-subfibres of adjoining triplets (Figure 3.4 L) 

as well as an inner A-subfibre ‘hook’ subtending into the lumen at the proximal end of the basal body 

(Figure 3.4 L and M) but do not appear to continue past the mid-body (Figure 3.4 N). The distal end 

the C-subfibre appears to become partially unattached from the B-subfibre (Figure 3.4 N) where the 

alar sheets appear to be extended from an amorphous ‘basement’ zone across the triplets, focused 

upon the B-subfibre. These sheets run to fine points of contact upon the axoneme membrane (Figure 

3.4 N to O) anchoring the basal body to the cell membrane, and also demarcates the end of the C-

subfibre and the start of the axoneme. Throughout this region the inclination of the microtubules 

transition in their pitch from the triplet structure of the basal body to axonemal configuration as seen 

in (Figure 3.4 P, Q). In this transition zone, y-shaped linkers were identified spanning between the 

doublets and the ciliary membrane, becoming infrequent further along the axoneme.  

 

3.5 The Chondrocyte Primary Cilium: In Situ 

The general morphology of all chondrocyte primary cilia examined conformed to work by 

earlier investigators [25-29] and where visible, the Golgi network was found to be located in 

proximity to the centrosome. The cilia themselves varied in their degree of projection and deflection 

into the matrix, with respect to the basal body (Figure 3.3), ranging from a full interactive extension, 

to a partially retracted invagination, and even to fully reclined extension (with less matrix present) 

against the cell membrane. Of hundreds of semithick serial ribbons inspected, 167 primary cilia were 

found to be completely contained within the plane of their section. Of these, 19 were prepared for 

electron tomography at 300 kV. Specimen attrition resulted in a total of 9 single axis and 5 dual axis 

tilt series of cilia being reconstructed, with only the most suitable (contained within section, location 

on grid, and with good contrast) chosen for modelling. Measurements were taken of the candidate 

cilia membrane length, axoneme, basal body length and width of transition zone, where it was 

possible to do so accurately (see Table 3.1). Ciliary membranes varied in length between 0.7-2.41 µm 

with an average length of 1.38 µm. Basal body lengths were found to average 0.365 µm, with the 

average transition zone width of 0.26 µm. Dual ciliary length measurements were taken due to 

discrepancies arising from the transition zone, in measuring between the cilium membrane and the full 

microtubule lengths of the cilium. 
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    Table 3.1 Measurements of Chondrocyte Primary Cilia 

 

3.6 Tomography of Native Sternal Chondrocytes 

The majority of tomograms undertaken were not fully successful primarily due to the 

combined effects of aging upon the semithick section during tomography, such as failure of the 

section under beam, or alignments were rendered unsuitable for tomogram reconstruction. Others 

failed to deliver adequate contrast upon reconstruction, or occasionally were lost through attrition of 

the electron microscope grids or handling errors. Initially, the process of post-staining in some cases 

caused loss of stain on section, and precipitate fouling of the grids. This step was subsequently 

dropped, in favour of the use of en bloc staining alone, which proved more than sufficient with the 

RHT treatment. Fiducial application times were also reduced to minimise aqueous interactions and 

‘wash out’ of stain. Once generated, tomograms provided high resolution optical slices of the imaged 

volume, however reconstruction results were found to vary somewhat, compared with conventionally 

stained samples (Figure 3.5). With enhanced staining from ‘Ruthenium Red’ treated samples (Figure 

3.5 C’), the extracellular matrix was preserved revealing the abundant presence of matrix granules 

(Figure 3.5 C). The presence of collagen fibres was noted within the matrix, however these were 

largely obscured by granules within the Ruthenium treated samples (Figure 3.5 C, C’). The presence 

of luminal vesicles within the basal body of cilia was noted on numerous occasions and is in line with 

observations of previous researchers (see Section 1.11).  

In this study a total of 9 single and dual axis tomograms of chondrocyte primary cilia were 

successfully reconstructed. A single axis tomogram (±65° in 0.5° steps, 350 nm thick) was chosen to 

model as it showed excellent contrast of a near complete cilium located within an indentation in the 

cell membrane (see Figs 3.6 and 3.7). As an aid to understanding, a series of animations have been 

constructed and are included in Appendix VII. 
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3.7-3.9 A Single Axis Model 

The model in this study was created based upon a single axis tomogram. Inspection revealed 

that not only was the cilium almost completely within the plane of the section, but suitable 

components, the extracellular matrix interacting with the cilium, along with other organelles; the 

Centrosome, Golgi Apparatus, Endoplasmic Reticulum and Nuclear Membrane were also within the 

tomogram (Figures 3.6, 3.7 and 3.8). The ultrastructural anatomy of the axoneme and basal body of 

the cilium is detailed in Figure 3.9. It was found however that a part of the distal tip of the cilium, 

along with a portion of the basal body and proximal centriole were missing, being out of the plane of 

section. During modelling, each structure within the tomogram was carefully considered, error 

checked and compared with ultrathin sections before being accepted as an element. The resulting 

model consists of roughly 2200 objects totalling 240 megabytes in size, taking 3000 hours to 

construct. The model is also in broad agreement with previous studies of primary ciliary ultrastructure 

[25-29], and chondrocyte ultrastructural observations (Figure 3.4). 

 

3.10 Tomographical Modelling of the Extracellular Matrix and Matrix Granules 

Cartilage connective tissue consists of chondrocytes surrounded by a pericellular capsule 

containing a complex mix of proteoglycans, collagens, osmolytes and signalling molecules. 

Specimens treated with RHT prior to and / or during osmication demonstrated greater contrast of 

proteoglycans compared to conventional treatment with en bloc uranyl-acetate alone, revealing fine 

structure content of the matrix granules and their fine inter-linkages (Figure 3.5 C’). Stained granules 

in the extracellular matrix were composed of condensed collections of interconnected minor 

aggregates, forming a complex three dimensional web of tensile proteoglycans which were modelled 

as ‘condensates’. These are believed to be composed of Aggrecan and Link protein. Dual-axis 

tomography of these granules (Figure 3.10 D-G) revealed their fine structure and inter-connectivity 

but when seen in three dimensions they appear as ‘coarse nuggety’ structures (Figure 3.10 H-L). 

These were found to be usually distorted in the direction of their attached filaments. The proteoglycan 

matrix exists inside a ‘vacuole like’ indentation of the cell membrane located in the pericellular space. 

This surrounds the protruding cilium uniformly and is very similar in appearance to an enlarged 

ciliary pocket [325], however the matrix differs as it is less dense than the pericellular environment 

(Figs 3.6 and 3.7). 

 

3.11 Matrix Ciliary Membrane Interactions 

The ciliary membrane was found to be decorated on both sides with stained components 

which may represent receptors, trans-membrane proteins, channels and attachment complexes for 

unknown tethered structures (Figure 3.10). Extracellular matrix granules were found to be physically 

tethered via filaments to the membrane by unknown receptors along the full length of the axoneme, in 

some cases being the foci of localised distortions in the membrane created by matrix forces (Figs 3.11 
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and 3.12). Many densely stained structures were identified on both sides of the lipid membrane 

(Figure 3.11 F-M) which were associated with extracellular connecting filaments (Figure 3.11 G-J) 

and membrane-spanning particles (Figure 3.11 K-M).  

 

3.12 Matrix to Ciliary Membrane to Microtubule Interactions 

Matrix-membrane interaction sites were sometimes observed as local ‘dimples’ in the local 

membrane (Figs 3.11 and 3.12). These were connected via fine strands to matrix granules apparently 

under load from the external environment. These unknown receptor mediated ciliary membrane 

connections were matched nearby by complex protein linkages between the membrane and the 

microtubule doublets, and between individual doublets and (Figs 3.12 A, B and 3.15 A, C, arrow). 

Microtubules were also observed with microtubule-associated proteins, as well as accumulations of 

densely stained materials (Figure 3.12). Matrix forces upon the membrane are potentially able to be 

transmitted through these prominent linkers, allowing these forces to be transmitted to the 

microtubule doublets beneath. The membrane of the cilium was modelled in two parts, permitting a 

simple view of its internal structure. It was found to neatly cover its internal contents, while having a 

ripple texture, with a number of the distortions within the membrane being attributed to tensile matrix 

components (Figure 3.12 C and D). 

 

3.13-3.15 The Axoneme Microtubules 

The cilium axoneme was divided into three zones; The Distal, Middle and Transition Zones 

(Figure 3.13). The tomogram revealed the cilium’s unique three-dimensional microtubule nine-fold 

architecture, which is determined by the basal body (basal body triplet architecture is seen in Figure 

3.20 G). The cilium is composed of a total of 27 unique subfibre assemblies of various lengths (from 

the basal body triplets), with the axoneme making up to 18 microtubule subfibre components 

(depending upon numbers projected). The microtubule doublets reduced in number along the 

axoneme (from 9 to 5), were twisted and inclined inward with a ‘left-handed inclination’ in their 

projection from the basal body triplets, resulting in the cilium tapering towards its distal end. The 

morphology of the axoneme appears deflected under the combined influence of external 

environmental loads of the local matrix (viewed longitudinally in Figure 3.13). 

The localisation of macromolecular complexes identified within the axoneme are detailed in 

Figure 3.14. These were found concentrated upon specific microtubules within the ciliary lumen, 

located primarily in areas of the distal-to near mid-zone of the axoneme. While it is not possible to 

fully identify with any certainty the objects identified, it is possible to classify objects into broad 

categories. These were defined as membrane to microtubule linkers; microtubule to microtubule 

linkers, filaments and ‘rafts’ of periodic materials resembling intra-flagellar transport particles, 

tabulated with Figure 3.29.  
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Many smaller deposits upon the membrane and microtubules were also noted, however many 

were below the threshold chosen for modelling. Figure 3.15 details a number of objects and densely 

stained periodic microtubule associated structures interacting with the ciliary membrane Figure 3.15 

A, F) which are reminiscent of IFT-like transport materials. Membrane to microtubule linkages 

located near matrix induced ciliary distortions are seen decorated with unknown materials (Figure 

3.15 E-F’’), however these materials were curiously absent near the distortion in (Figure 3.15 E). 

 

3.151 Localisation of Intra Ciliary Transport Materials  

Figure 3.14 (A’-E’) detail linear ‘rafts’ or trains of periodic electron-dense ‘IFT-like 

materials’ (marked by arrowheads and confined by bars ‘||’). These were located between (and 

sometimes inter-connecting) the microtubule doublets and the ciliary membrane (Figs 3.16 E and 

3.17) and interspersed with connecting filaments (Figure 3.17 A, arrowhead). IFT ‘rafts’ or ‘trains’ 

were of variable length, the longest length of 400 nm, and with smaller 150, 80 and 30 nm collections. 

These were comprised of periodic groups of 20-45 nm elements, with shorter periodicities seen 

making up the longer rafts. These materials were primarily located upon microtubules 2, 3, 6, 7, and 

8, with the highest concentrations observed upon 3, 6 and 8 (Figure 3.29, where microtubule triplets, 

doublets and their assorted components are listed). Triplet numbering convention followed from under 

the middle of a basal appendage, in a clockwise direction when viewed in the positive microtubule 

direction. 

 

3.16 The Distal Axoneme  

The structural tip of the cilium is unique as it is the termination zone of the microtubule 

doublets, the terminus for IFT-transit and an accumulation point for materials. An oblique part of the 

membrane of the tip was missing from the section (Figure 3.16), thus the model provided a ‘cut-away 

view’ of the distal tip of the axoneme revealing the termination zone of four microtubule doublets (the 

fifth falling just short, Figure 3.16 C and E). The distal ends of the microtubule doublets were 

associated with dense deposits coating the internal membrane of the cilium tip (Figure 3.16 A-A’’). 

Electron dense materials and filamentous structures were identified between the ends of the doublets 

and the membrane (Figure 3.16 A and D). A perspective of the distal zone is seen in (Figure 3.16 E), 

which details the microtubule doublets emerging into the middle zone, associated with IFT-like ‘rafts’ 

of materials. 

 

3.17 The Middle Axoneme  

This zone is classically the long slender component of the cilium (Figure 3.3 A) which 

changes little in its uniformity over some distance. Bounding boxes detail linear zones of 

accumulations of materials decorating the microtubule doublets and the surrounding luminal space 

(Figure 3.17, A and B). The finer structure of ‘raft-like’ accumulations reveals semi-regular 
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periodicities which are interspersed in clusters along both the distal and middle axoneme 

microtubules. The termination zone of microtubule doublet one (Figure 3.17 A, arrow) is decorated 

with small structures at its end. Manipulation of the model allows perspective views of the axoneme 

that would be seen conventionally contained within an ultra-thin sections (Fig 3.17 C and D, viz, Fig 

3.4 P and Q). The middle zone contains two microtubule doublets, both of which contain greater 

accumulations of dense particles than the others (doublets 3 and 6) (Figs 3.17 B (arrow), E 

(arrowhead) and 3.29). 

 

3.18 The Transition Zone - One 

The transition zone represents the first region where the cilium projects into the extracellular 

domain, and can be divided into two parts. In the first part the cell membrane joins the ciliary 

membrane at a tight right angle (or at a highly curved interface in the case of the ciliary pocket 

(Figure 3.5 B) where the basal body is attached to the transition membrane, demarcating the transition 

from the cytosolic to the ciliary domain. The second part is the tapering zone, where the microtubules 

reduce in number, and merge into the axoneme. Two small ciliary-membrane-associated vesicles were 

identified (35-40 nm in diameter) within the extra cellular matrix, closely associated with the 

membrane of the transition zone (Figure 3.18 A and B). Trans-membrane densities are associated with 

both vesicles. Notably absent was the zone of the ‘ciliary necklace’ [51] suggesting that the ‘y-shaped 

linkers’ were not present at the time of fixation, were not adequately resolved, or were destabilised by 

the Ruthenium Red treatment. Dense deposits were attached to microtubule doublets as well as fine 

filaments (Figure 3.18 C and D). The microtubules were also found to have their greatest inward 

inclination within the transition zone (Figure 3.18 E and F). 

 

3.19 The Transition Zone - Two 

The curvature of the transition from ciliary to periciliary membrane is illustrated in Figure 

3.19 A, where cell and ciliary membranes merge at a right angle. Intense staining of the membrane is 

apparent, with heavy decorations and fine fibres present upon the inner surface (Figure 3.19 B and C). 

Fibres were found radiating from microtubule doublets and triplets to the ciliary and periciliary 

membrane surface along the length of the transition zone and adjoining basal body (Figure 3.19 B’’). 

Other fibres made up a number of subdistal appendages (Figure 3.19 D, F and G), were connected to 

the basal body microtubule triplets and associated with dense deposits (Figure 3.19 F, centre, green). 

These dense deposits proved difficult to resolve adequately. The alar sheets occupy a zone spanning 

the microtubules near the terminating end of the C-subfibre and are each drawn to tethered apexes 

firmly held within the transition zone membrane (Figure 3.19 G, H and I). The fine granular structure 

of the alar sheets were also difficult to resolve. 
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3.20 The Basal Body Microtubule Triplets 

The basal body contains a unique nine-fold symmetric ‘barrel like’ structure made up of the 

inclined vanes of microtubule triplet subfibres. The A and B-subfibres project longitudinally to form 

the axoneme, while the C-subfibre demarcates the centriole zone. Microtubules were aligned and 

traced within 3DMod carefully due to their respective close spatial proximities within the sections. 

Each subfibre was traced and modelled using intersecting tubes to best represent the circular tubulin 

components making up the microtubule. This proved difficult due to their inclination and slightly 

curved nature within the tomogram. This is apparent where perspective optical slices parallel the 

model (Figure 3.20, A-C, D and F). Of particular interest is the curvature in Figure 3.20 E, which is 

also seen in a ‘cut-away’ view in Figure 3.20 F. The basal body microtubule triplets were observed to 

be inclined with a left-handed polarisation and curve giving the basal body a ‘barrel like structure’ 

and ‘vane’ appearance, and were found to reduce in their inclination angle, as they tapered into the 

axoneme. As part of the basal body was missing, it has been reconstructed for viewing by projecting 

the nine-fold symmetry in Figure 3.20 G.  

 

3.21-3.22 Internal Structures, Luminal Disc, Fibres and Vesicle 

The basal body cavity contained numerous electron densities associated with lumen and 

microtubule faces (Figure 3.21). Numerous densely stained deposits of different size were found 

decorating the basal body triplets, including a larger opaque complex visible as a ‘band’ spanning 

inside the distal end of the basal body between microtubule triplets (only some deposits are shown for 

clarity of viewing, Figure 3.21 B, C and E). This was termed a ‘luminal disc’ like structure, and was 

associated with nearby fine fibres and macromolecular deposits attached to the microtubule triplet 

luminal faces. Not all the structures present were modelled within the proximal region of the basal 

body, as these proved to be too complex. Included with these structures, a luminal vesicle was 

identified and modelled (Figure 3.22). It was firmly attached to the microtubule face, and was found 

to be facing in the direction of the axoneme, appearing as if against a flow (Figure 3.22 E). This study 

identified three tomograms containing basal body luminal vesicles (see Figs 3.5 B and 3.22). 

 

3.23-34 Basal Appendage One  

Surrounding the basal body is the pericentriolar environment, which is made up of stained 

deposits of structures which include the alar sheets, subdistal appendages, and basal appendages (also 

known as basal feet). Two basal appendages were attached to the basal body. Each basal appendage 

consisted of three components; a basal anchoring complex attached to the basement microtubule 

triplets, an appendage arm and a docking head. The basal appendages extend centripetally not only to 

anchor and structurally support the microtubular network, but also to provide access to a zone away 

from the basal body. Examination of the ultrastructure of basal appendages revealed them to be 

intensely stained linear structures protruding at near right angles from the basal body (Figure 3.23 A-



85 

 

H). Each appendage revealed over-staining of the docking complex and arm, but exposed an 

amorphous composition of the basement structures. This is seen in the model of Basal Appendage 

One (BA1, Figure 3.23 I-L) in its attachment to the centriole. The extending appendage arm and 

microtubule docking complex was modelled as a single component. The anchoring complex consisted 

of an amorphous support network comprised of three basement zones, each of which were inclined 

across there basal body triplets at inclination (Figure 3.24, C-F, arrows) to anchor the appendage. A 

low density zone was observed underneath the basal appendage, directly above the microtubule triplet 

upon which it was centred (also seen in Figure 3.25 F). 

The basal appendage projects outside the pericentriolar environment to interact with the 

surrounding centrosome, where vesicles interact with the basal body and basal appendages through 

fine tethering linkages (Figure 3.25 A-D). The basal arm contains indentations (Figure 3.25 E) and 

fine protrusions extending along its length (Figure 3.25 F, H and I) until merging with the docking 

complexes upon its distal end. The docking complexes consist of two nodular projections, to which 

microtubules (Figure 3.25 G and G’) and vesicles are tethered (Figure 3.25 B). Vesicles are associated 

with the basal appendage, the connecting microtubules, and also the pericentriolar basal body zone 

(Figure 3.25 D). Three microtubules are seen radiating from the docking complexes (two from one) in 

(Figure 3.25 F, H and G) and interacting with nearby centrosomal vesicles (Figure 3.25 H, J). The 

ultrastructural perspective in (Figure 3.25 G* and H) shows the vesicles modelled in (Figure 3.25 J*). 

Note the basal body longitudinal structure (Figure 3.25 J) detailing the basal appendage, the subdistal 

appendages, the alar sheets (attached to the transition zone membrane). Points of interest include the 

vesicles attached to basal appendage (Figure 3.25 C) and the basal body (Figure 3.25 D), as well as 

the inclination of the basal appendage which may be influenced by torque from the attached 

microtubules. 

 

3.26-3.27 Basal Appendage Two (BA2) 

Longitudinal optical sections of Basal Appendage Two (BA2) are seen in Figure 3.26 A-H. 

The docking complex and arm were modelled in the same way as basal appendage one and appear to 

have similar anatomical likenesses, possessing  a similar cantilever projection (Figure 3.26 J and L). 

The basal appendage had an inclination which appears to also indicate a possible contribution of 

torsion from attached microtubules (Figure 3.27 A). The docking complex was found to have only 

two docking sites upon it (with no double nodular protrusions like BA1) tethering three and two 

microtubules respectively (Figure 3.27 A and B). The ultrastructure of two of these microtubules was 

examined around the docking complex (Figure 3.27 C-E). These were tethered to the docking head at 

their negative end, and extended positively outwards (Figure 3.27 E’). Densities are noted upon 

microtubule bases and docking heads (Figure 3.27 C’, D and E’) including linkages connecting the 

microtubule to nearby vesicles.  
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The basement anchoring complex substrate was modelled as numerous discrete components 

to investigate its finer amorphous form. Three attachment zones to the microtubule triplet substrates 

were identified, including a ‘hollow’ zone underneath the base arm above the central triplet it was 

attached to (Figs 3.27 A). Views detailed in Figure 3.26 I-L reveal a similar amorphous morphology 

to basal appendage one. 

 

3.28 A Review of Basal Appendages One and Two 

The basal appendage model perspectives are visualised in Figure 3.28 to compare their 

anatomical characteristics. Respective lateral views of basal appendages Figure 3.28 BA1 A-E and 

BA2 F-J detail the appendages docking head, arm and the basement complexes. Comparison of the 

basement anchoring sites reveals: 1) Low density areas located under the basal appendage, forming a 

longitudinal ‘groove’ (Figure 3.28 C and H). 2) Three distinct attachment areas or ‘basement zones’ 

corresponding to three separate microtubule triplet attachment regions (Figure 3.28 A and F).  

3) The basement materials were highly amorphous in their nature, indicating a porous higher order 

structure (Figure 3.28 E and I). Rotational views of the appendage docking heads and arms (Figure 

3.28 BA1 K-O and BA2 P-T) reveal subtle differences. The docking heads of BA1 are bifurcated 

(compared to the singular head on BA2) however their size and aspect ratios are similar, including the 

general architecture of the arms. The indentation on the arm of BA2 (Figure 3.28 R, arrow) should be 

noted. The presence of thorny projections from the lower arms (arrowheads) was also recorded 

(Figure 3.28 K, P, O and T).  

In summary, both basal appendages share highly similar structural morphologies. Their 

basement anchoring complexes consist of finely porous materials, with supporting long tapering arms, 

whose head docking complexes consist of fine spiny protrusions, some of which anchor cytosolic 

microtubules and vesicles (Figure 3.25). Microtubules anchored to the basal appendage docking 

complexes are visualised as being decorated with numerous microtubule associates deposits, 

complexes and fine fibres linking to nearby vesicles which they carry (Figs 3.34 and 3.37). An area of 

exclusion is noted extending in a zone surrounding the perimeter of cytosolic microtubules, which are 

uncluttered except for the close proximity of vesicles and microtubule associated proteins (detailed in 

Figs 3.34, 3.36 and 3.37).  

 

3.29 The Cilium, Basal Body Materials and Orientation 

The positional relationship of the basal appendages (Basal Appendage One, Basal Appendage 

Two and their associated cytosolic microtubules) were investigated with respect to the microtubule 

triplet structure of the basal body (Figure 3.29 A, seen in the positive microtubule direction). Each 

appendage radially spanned across three microtubule triplets, and appeared to be symmetrically 

spaced around the basal body, so as to not overlap their basement complexes. This would imply a 
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number of rotational orders are possible, based upon the nine fold triplets, and the possibility of 

subtending at least three symmetric basal appendages.  

The contents of the axoneme and basal body microtubules were interpreted using both the 

model and tomogram ultrastructure to establish the nature of their features, and their relative 

microtubule doublet association. Generalised categories were defined for luminal microtubule 

components: IFT-like materials (localised to membrane side outer, microtubule side inner), internal 

linkers (interconnecting microtubule doublets), membrane linkers (between the microtubules and the 

membrane), internal filaments (attached to microtubules projecting into the lumen (membrane side 

external, microtubule side internal), y-shaped linkers, alar sheets and the length of each microtubule 

doublet. The position of each basal appendage, the relative numbers and radial distribution of luminal 

materials upon the microtubules of the axoneme, including the basal body and transition zone 

vesicles, are visualised in Figure 3.29 B and tabulated in C. While these were collated from the model 

and tomogram, it is difficult to ascertain with absolute certainty their identity and functional 

significance.  

Microtubule doublets that were derived from triplets associated with the basal appendages of 

the basal body were found to have the highest densities of materials associated with them. Doublets 2, 

3, 6, 7, and 8, contained the most materials, while 4, 5, 9 and 1 contained lesser amounts. 

Extracellular matrix vesicles [999] were found to be associated with the ciliary membrane near 

microtubules 6 and 7 (Figure 3.18), while the basal body luminal vesicle was tethered to the inner 

surface of microtubule triplet 2. The position of extracellular matrix and luminal vesicles should be 

noted with respect to the basal appendages of the basal body (BA1) which covers triplets 6, 7 and 8 

and BA2 9, 1 and 2), and the internal luminal disc (spanning 1 and 6). Numerous electron dense 

materials were also associated with the triplet faces.  

 

3.30 The Proximal Centriole 

The proximal centriole was modelled in the same way as the basal body. Although only half 

of the centriole was contained within the tomogram, it was possible to determine the polarisation and 

inclination of the microtubule triplets (Figure 3.30). The modelling revealed a nearly identical 

structure to the basal body. The microtubule triplets maintained their inclination along the proximal 

centriole but did not taper, as with the basal body. Also lacking were any external appendages or 

microtubule attachment sites. Similarly to the basal body, there was also a ‘luminal disc’ like structure 

located at the distal end of the proximal centriole (Figure 3.30 E and L). Electron-dense materials 

decorated the microtubule triplets, with larger complexes found present on the outside (Figure 3.30 C 

(G, model view), I and K). Structures linking microtubule triplets were also noted (Figure 3.30 F and 

G). Axial perspectives are seen in Figure 3.31 A-C and H showing the luminal disc and radial 

distribution of materials attached to and bridging the microtubule triplets. These pericentriolar 
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materials can be seen interacting within the nearby centrosome, and also the nearby nuclear 

membrane, in proximity to several nuclear pores (Figure 3.31 D-I).  

 

3.31 Proximal Centriole Radial Components 

The distributions of electron dense microtubule associated materials upon the proximal 

centriole are shown in Figure 3.31 A and B. These decorated the exterior microtubule surfaces, and 

included the presence of an oblique luminal disc like structure Figure 3.31 C. The centrosomal 

environment surrounding the proximal centriole contained numerous dense deposits (not all of which 

were modelled, Figure 3.31 D, E). The nuclear membrane was modelled to reveal nuclear pore 

complexes and found to be in close proximity to the centrosome (Figure 3.31 F). Linkages were 

identified connecting from the distal end of the centriole to the nearby nuclear membrane in proximity 

to several nuclear pore complexes shown in Figure 3.31 G-I (see Figs 3.33 E and 3.34 A). The nuclear 

pores were found to contain stained proteins, and their closeness to the centrosome, and the proximal 

centriole should be noted suggesting possible involvement with ciliary activity. 

 

3.32 The Centrosome (1) Ultrastucture and Modelling 

Selected serial optical slices of the centrosome overlaid with the model (Figure 3.32 A-H) 

revealed the position of the centrosome between the cell and nuclear membranes. At its core is the 

basal body, from which protrudes the primary cilium, and the sub-tending proximal centriole. Each is 

encompassed by its own pericentriolar environment, which in turn is surrounded by a complex zone 

of interacting vesicles. These were modelled individually to reveal a field of vesicles associated with 

the basal body, the basal appendages, their attached microtubules, and the cell and nuclear membrane 

(Figure 3.32 I-L). A notable gradient of vesicle sizes was noted with smaller vesicles generally being 

involved with the centrosome and its processes, and with vesicle size usually increasing further away 

from the centrosome. Vesicles were noted usually in clusters in proximity to cytosolic microtubules 

where they sometimes appeared to be distended as ellipsoids (Figure 3.32 K and L) with smaller 

vesicles usually found grouped as clusters (Figure 3.32 I and K). 

 

3.33 The Centrosome (2) The Centrosomal Torus 

During modelling a unique centrosomal vesicle was identified (Figure 3.33), which would not 

have been possible to discern adequately with conventional ultrastructural analysis. During tracing it 

revealed itself to be a circular ‘tubular’ or annular structure occupying an orbital equidistant ‘toroid’ 

volume in a zone midway between the basal body and the proximal centriole (Figs 3.32 A-K, blue 

outline and 3.33 A, B and G) . Although the structure continued out of section, it was called a torus. 

The ‘Torus’ was found to be tubular in structure, spanning a lateral zone of the centrosome with bud 

like protrusions located at one end, and a larger ‘vesicle’ at the other (Figure 3.33 G). The membrane 

protrusions were associated with a prominent field of interacting smaller vesicles, including a larger 
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vesicle which was attached by fine linkages to the torus membrane (Figure 3.33 C and D). This zone 

is prominent in its association with a larger field of pre-Golgi vesicles. Perspectives of the torus are 

seen (Figure 3.33 G-K) in relation to the basal body and proximal centrioles, where interactions with 

their pericentriolar environments are also seen ultrastructurally (Figure 3.33 E and box, F), with 

deposits being noted upon the membrane. These were not modelled as they were outside the scope of 

this study. However a microtubule nucleation site upon the torus membrane was identified (seen in 

Figure 3.33 E, I, J and K). The torus was also found to interact with a microtubule derived from basal 

appendage two (BA2) which spanned the centrosome to connect with arrays of pre-Golgi vesicles 

(Figure 3.33 A and K). The torus was found to contain the smallest amount of internal contrast of any 

vesicle within the tomogram (Figure 3.33 E and F). 

 

3.34 The Centrosome (3) The Pericentriolar Environment 

The pericentriolar environment consists of fine amorphous materials which decorate the 

surface of centrioles and interconnects them at their negative microtubule ends. This inter-connective 

region was found to be bound by the torus vesicle (Figure 3.34), with the centrioles radiating in a 

series of fine filaments linking these structures. A densely stained deposit was also found within this 

region (Figs 3.35 E and 3.35 E’), although this this area was not investigated further. The 

pericentriolar zone was found to be the focus of short lengths of intermediate filaments focussed 

around the proximal centriole. Longer filaments were observed to radiate from this area, one to the 

pre-Golgi zone, another toward the cell membrane. 

 

3.35 The Centrosome (4) Basal Body, Proximal Centriole within the MTOC 

Selected detailed ultrastructural perspectives of centrosomal components interlaced with the 

wireframe of the model aid in revealing the confined nature of the centrosome, the basal body and 

proximal centriole and the relationship between the materials and vesicles surrounding them (Figure 

3.35 A-E). The close proximity of the torus to the centrioles and nearby associated vesicles and 

microtubules should be noted. Electron dense materials upon the proximal end of the proximal 

centriole were modelled interacting with the torus and nearby vesicles (Figure 3.35 F). The basal 

appendages show distinct clusters of microtubule associated vesicles surrounding their docking heads, 

in close proximity to the basal body and transition zone membrane. Intermediate filaments (green) 

originated from a zone around the proximal centriole (Figure 3.35 F) (also identified in Figure 3.34 D 

and E). The composite model image of the centrosome (shown in Figure 3.35 F) is comparable to the 

optical slice of the tomogram stack visualised in Figure 3.8. 
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3.36-3.40 The Cytosolic Microtubules; Centrosome to Golgi Connectivity; The Cis-, Medial- and 

Trans-Golgi Compartments; Transport of Matrix from the Golgi 

The majority of microtubules identified within the tomogram were physically associated 

within, and originating from,the centrosome and the basal appendages. Many of those that were traced 

originated out of the tomogram section, but were aligned to intersect with the centrosome, suggesting 

that they radiated from the greater pericentriolar zone surrounding it. Independent microtubules were 

found freely existing within the cytoplasm associated with local structures (or associated with the 

Golgi apparatus). Many of these were observed attached to vesicles or decorated with finer structures. 

A high degree of connectivity between microtubules and the Golgi apparatus was observed. A cluster 

of aligned microtubules was found to run parallel with the pre-Golgi cis-face (in the direction of the 

centrosome), and were involved with a large vesicle field (Figs 3.36 I-L and 3.37 B). Both basal 

appendages had microtubules interacting with the pre-Golgi and the medial cisternal stacks (Figure 

3.37 B and D). An intermediate filament was also found running parallel to microtubules involved 

with the pre-Golgi vesicles (Figure 3.38 K). The Golgi itself was traced out, and modelling divided 

into cis-, medial- and trans-compartments. These were surrounded by an assortment of vesicles, 

which were in close proximity to the centrosome, and the cell membrane. The compartments 

consisted of a series of layers of perforated stacks, forming a highly aligned structure interspersed 

with smaller vesicles budding around their edges (Figure 3.38 A-J).  

Unidentified materials were observed within some of the Golgi vesicles, and these were also 

accumulated in larger vesicles near the trans-face (Figure 3.39 A-B). These were surrounded by a 

transport process (Figure 3.39 C’, E, F and F’) involved with the cell membrane. Not far from these 

structures, the blunt tip of the primary cilium was found to be interacting with the cell membrane 

(Figure 3.40 A). Within this zone, numbers of clathrin-coated pits were identified in the process of 

undergoing receptor mediated endocytosis, with their contents being visible (Figure 3.40 B-D). These 

were modelled to reveal a series of active cell membrane processes in proximity to the Golgi and a 

number of tubular structures resembling endosomal transport conduits [1000] (Figure 3.40 A). A 

Caveoli like structure was identified in (Figure 3.40 E and E’). 

 

3.41-3.42 The Complete Model: The Matrix Cilium Golgi Continuum  

The full model of the chondrocyte primary cilium is illustrated in Figs 3.41-3.42. This details 

the extracellular matrix interacting with the primary cilium, the anatomy of the axoneme, the 

centrosome and the centrosomal connectivity to the Golgi apparatus. A tight physical continuum 

exists between the extracellular environment, the primary cilium, the centrosome and the Golgi 

apparatus, which makes possible the regulated processing and orderly exocytosis of the correct 

materials for maintaining a bio-mechanically functional extra-cellular environment. 
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3.43 The Continuum: The Cilium and Centrosome 

The Cilium-Centrosome-Continuum is illustrated in Figure 3.43, which overviews the details 

of the ciliary axoneme, stemming from its distal tip to the adjoining centrosome. The unique 

microtubular architecture of the cilium is revealed, along with its internal cargoes and extra-cellular 

interaction with the matrix and a coated pit. The basal body is firmly tethered by basal appendage to 

radiating microtubules, and is also supported by the centrosome and proximal centriole. Some 

structures have been omitted for clarity. Detailed are the core microtubule based structures of the 

cilium, proximal centriole, and microtubule ‘interactome’ of the centrosome. This is the first three-

dimensional reconstruction of a primary cilium at high resolution. It forms a template for the 

assignment of function to the described structures.  

 



Flexor Tendon Transverse Sectioning 

 
E F D 

Figure 3.1 Connective Tissue Primary Cilia Sectioning of Tendon 

Flexor Tendon Longitudinal Sectioning 

 
A B C 

[A] Flexor tendon longitudinal sections, showing tenocytes amongst aligned collagen fibre bundles. Cilia were found to be highly deflected by the collagen fibres [B, C].  

Cross section of a tenocyte surrounded by columnar collagen bundles [D], with cellular processes extending into gaps around the edges [E] along with a primary cilium [F]. 9
1

 



Figure 3.2 Serial Sectioning of Chick Sternal Cartilages  

B C 

D E F 

A 

Chick sternal cartilage semithick serial sections [A, D] containing primary cilia aligned within the section [B, C, E and F]. Scale bars [A] 500 µm, [B] 10 µm, [C], 1 µm, [D] 

20 µm, [E] 5 µm and [F] 1 µm. 
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Figure 3.3 Projection Types of Chondrocyte Primary Cilia 

Conventional electron microscopy staining 

of sternal cartilage with OsO4 and en bloc 

uranylacetate [A] in comparison to the 

Ruthenium Hexa-amine Trichloride (RHT) 

treatment [B], revealing an extensive 

matrix granule network, and stabilisation 

of the cell membrane seen in [B-D]. Cilia 

were found to displaying three classical 

projections; fully extended from the cell 

membrane [A], reclined against the 

membrane in a localised pocket [B], or 

partially or fully retracted into the cell [C 

and D]. 

 

 

A B 

C D 

Scale bars [A, C and D] 1 µm and [B] 0.5 µm 
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 Figure 3.4 Cilium-Centrosome Serial Sectioning of Cultured Chondrocytes 

A-C subfibre Linkers Alar Sheet Fibre 

Longitudinal Serial Sections 
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Transverse Serial Sections 
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BA3 

Longitudinal ultra-thin serial sections of cultured chondrocytes showing the cilium aligned in parallel with the substrate [A-J]. Note [A, D] shows the cilium extended, sheathed by the 

ciliary pocket and projected from the basal body, whose appendages [H] are attached to cytosolic microtubules. Closely subtending the basal body is the proximal centriole [G-J] making 

up the diplosome. Scale bar 0.5 µm. 

Transverse serial ultra-thin sections of a basal body (in the + microtubule direction) [L-Q] showing the triplet subfibre structure [A] with attached basal feet (BA1-3) [B], the alar-sheet 

fibres [N] tethering individual subfibres to the transition zone membrane [O]. Note the presence of y-shaped linkers [O-Q] linking microtubule doublets to the axonemal membrane as 

they incline inwards in their projection. Scale bar 100 nm. 
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Figure 3.8 Tomogram Z-Axis Stack 

Centrosome (MTOC) 

A series of optical sections showing features of the extra-cellular matrix, cilium and the Golgi apparatus as well as the nearby nuclear membrane. Visualisation of this 

stack is contained in movies <StackTomogramB4.avi, StackAxoneme.avi and StackCentrosomeB4.avi>, detailed in Appendix VII, Section 7.3. 

Endoplasmic Reticulum 
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Figure 3.9 An Optical Section of the Cilium Axoneme 

A slice through the tomogram aligned along the axis of the cilium showing the complete cilium and basal body, proximal centriole and detail of numerous processes. Scale bar 500 nm.  
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Figure 3.10 Tomographical Modelling of Extracellular Matrix and Matrix Granules 

An optical section of extracellular ‘matrix granules’ [A], magnified in [B] and [C] (offset in z-axis). These are comprised of numerous tightly packed aggregates of smaller densely 

stained matrix components [C] which are inter-linked by fine filamentous fibres to at least 4 other granules within the matrix. [D-G] A series of slices of the matrix granule inset in 

Figure 3.11 [A] showing their fine structure and a series of rotations of the model based upon the granule [H-L]. Scale bars [A] 200 nm, [B] 50 nm and [C-L] 10 nm.  
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Figure 3.11 Matrix Ciliary Membrane Interactions 

 

 

 

 

 

 

 

 

[A] An optical slice showing networks of highly filamentous interconnected matrix granules surrounding and linking to the ciliary axoneme (see Figure 3.14 [C’]). A dimple in the 

membrane [B], which is seen enlarged and offset in the z-axis in [C] detailing attachment sites of unidentified extracellular components. [D, E] Detail of attachment of a matrix granule to 

the cilium membrane and [F-I] showing fibres to tethered to the lipid membrane [G], enlarged in [H]. [I, J] show the attachment of tethers with unknown membrane associated structures. 

Images [K-M] show numerous bound densities on both sides of the lipid membrane, some which span it. Scale: membrane thickness believed to be ~4.5 nm. 
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Figure 3.12 Matrix Ciliary Membrane Microtubule Interactions 
 

A 

B 

C 

D 

 

 

[A] An optical slice of the axoneme interacting with extracellular matrix granules (arrows) of aggrecan (arrowheads) which has been stained with Ruthenium Red. Each consists of 

multiple minor precipitates within each granule (see Figure 3.10). [B] Extracellular matrix granules interact with the ciliary membrane (arrows), and electron dense membrane 

associated proteins. Membrane to microtubule bridges connect the ciliary membrane to the microtubule doublets (arrowheads). [C] Components of the three dimensional aggrecan 

matrix were modelled interacting with the ciliary membrane (arrows). [D] The ciliary membrane is distorted from the combined forces of matrix connections (arrows) and bending of 

the microtubule core, causing dimpling and rippling of the membrane. Scale bar [A, C and D] 100 nm and [B] 25 nm. 1
0
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Y-shaped Linkers 

Figure 3.14 Localisation of Materials within the Axoneme 

E’ 
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Localisation of yellow 3DMod iso-surface bounding boxes ([A-E]) of ciliary structures of interest which surround and attach to the microtubule doublets of the axoneme [A’-E’]. 

Note some microtubules in series [A–E] are translucent to show details, whereas [A’-E’] are opaque. IFT trains and larger ‘rafts’ are indicated in [A’-E’] by ‘||’ and arrowheads, 

with terminal tip associated deposits (arrows). Y-shaped linkers are seen surrounding the transition zone. Scale bar 100 nm. 
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Figure 3.15 The Luminal Axoneme: Intra-Ciliary ‘Rafts’ and Microtubule-Microtubule Interactions  
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Longitudinal views 

showing the cell to 

ciliary transition zone 

[A], with heavily stained 

membranes [B], y-

shaped linkers [B’] and 

multiple fine linkages 

connecting membrane to 

the microtubules [B’’ 

(arrow), C]. These are 

seen within the model 

interacting with the cell 

membrane and basal 

body triplets along with 

the sub-distal 

appendages [D]. The 

montage in [E (see A)] 

shows filaments 

originating around 

subfibres linking to the 

membrane. These are 

seen in close ups of the 

sub-distal zone as shown 

in [F and G] along with 

densities decorating the 

surfaces of the nearby 

basal body triplets. Alar 

sheets proved difficult to 

model [G] as they were 

stained diffusely, but can 

be seen attached to the 

transition membrane in 

[H, I]. Scale bars [B-C, 

E, H, and I] 20 nm. 

Figure 3.19 The Transition Zone (2) – Alar Sheets / Transition Fibres 
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Intra-luminal deposits were found inside the basal body, decorating the microtubule triplet faces with some spanning between them [A, B, C]. Numerous densely stained accretions of macro-

molecular complexes were identified attached to the triplet faces [D, G, H], including fine filaments [D, G] and tethered structures [D, I] (which are seen modelled in [B, C]).  

A luminal disc-like structure was revealed [E (arrows), F] attached to the triplets by fine linkages whose attachment points encompass several triplet faces at the distal end of the basal body 

[F]. [J] An end on view of the basal body reveals the angular dispersal of many structures within the lumen and their relation to the triplet architecture. Materials are seen interconnecting 

between triplets (2, 3, 4 and 9) from the A-C subfibres. These are seen in proximity to Basal Appendage One (BA1). Scale bars [A] 100 nm, [D] 50 nm, [G, G’, H and I] 20 nm. 

Figure 3.21 The Basal Body (2) Luminal Discs, Deposits and Fibers 
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Figure 3.23 Basal Appendage One: Optical Sectioning and Reconstruction 

Selection of serial optical sections of the Basal Body Appendage (BA1) [A-H]. The basal appendage was reconstructed in two pieces, the docking complex and extending arm 

(green) and the basement complex (red). Note the localisation of a density in [A] which is seen on [I, J and K] (arrowheads). Details of the docking complex and basal arm are seen 

in [L]. Note electron dense materials surrounding the proximal end of the basal body microtubules. Scale bar 20 nm. 

Serial optical slices through Basal Appendage One (BA1) Model of BA1 
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Figure 3.26 Basal Appendage Two (1) Ultrastructure and Modelling  

 
 

 

 

 

 

 

 

 

Serial optical sections of Basal Body Appendage Two (projecting downwards) [A-H]. The docking complex and arm were modelled the same way as for Basal Appendage 

One revealing similar anatomical features, however the basement structures were explored finer detail [I-L]. A similar basement profile was found, made up of three 

‘attachment zones’ to the microtubule triplet substrates. Note fine linkages connecting the edge of the basement zone of the basal appendage to the outer surfaces of basal 

body microtubule triplets, and that the basal  arm has a similar spiny protrusion as seen in Basal Appendage One (arrowheads) [J, L]. Scale bar 100 nm. 
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Figure 3.28 Basal Body: Appendages Summary; Basement Structures, Basal Arm and Docking Complex 

A review of Basal Body Appendages, One [A-E] and Two [F-J] detailing the finer perspectives and structures of their respective basement structures, basal arms and docking 

complexes. Rotational perspectives of the basal arms and docking complexes are detailed in [K-T]. 
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The distribution of materials associated with the proximal centriole are shown in [A, B], including a disc like structure spanning the distal end [C]. The 

centrosomal environment surrounding the proximal centriole contained numerous dense deposits (not all of them were modelled) [D, E].  

The nuclear membrane was in close proximity to the centrosome and was modelled to reveal nuclear pore complexes [F]. Linkages were identified 

connecting from the distal end of the centriole to the nearby nuclear membrane in proximity to several nuclear pore complexes [G-I]. Scale bar 50 nm. 

Figure 3.31 Proximal Centriole Radial Components and Proximity to Nuclear Pores 

G H I 

1 

9 

Negative End View looking (+) 

2 

1 
4 

5 

6 

7 
8 

3 

A 1 

3 4 

5 

2 

Positive End View looking (-) 

B C 

F 

H 

D E E 

5 

4 

50 nm 50 nm 

100 nm 

1
2

0
 



Figure 3.32 The Centrosome (1) Ultrastucture and Modelling  

 
Selected ultrastructural serial slices 

(overlaid with model) of the centrosome 

detail the basal body, the proximal 

centriole, vesicles, microtubules, 

intermediate filaments and numerous 

electron dense structures which are 

bound between the cell and nuclear 

membranes [A-H]. By meticulously 

tracing objects though each optical slice 

it has been possible to ascertain the 

relationship between vesicles within the 

centrosome, which were observed 

interacting in zones associated with 

microtubules and the local cell 

membrane [I, L] as well as near the 

basal feet. Note nuclear pore proximity 

to centrosome [I and J].  

Scale bars 100 nm. 
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Figure 3.33 The Centrosome (2) The Centrosomal Torus 

A circular ‘torus like’ structure (blue) was identified encompassing an orbital volume between the basal body and the proximal centriole (see Figure 3.32) and is shown obliquely in [A, B].  

The centrosomal torus continued out of the plane of the tomogram and was found to consist of a near semi-circular volume with several process of ‘bud like’ projections [D, G]. It was found 

interacting with vesicles (associated with both ends) [C, D] and with microtubules [A, B]. Electron dense materials were noted upon the surface, interacting with the surrounding environment, and as a 

nucleation site for a microtubule [E, I, J, K]. Visual perspectives of the torus with respect to the basal body, proximal centriole and surround microtubules are seen [G-K]. It should be noted that the 

torus lumen, unlike other vesicles, contained very few electron dense materials. Scale bars [A] 50 nm and [B-F] 100 nm. 
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Figure 3.36 The Cytosolic Microtubules 

BA2 – MT crossing Torus to pre-cis-Golgi 

 

 
Microtubules were imaged and divided into three categories; those originating from 1) the basal body appendages 2) the centrosome, and 3) from the cytosol. [A] details a 

microtubule radiating from basal appendage one (BA1) which interacts at its distal end with the cis-Golgi apparatus. Note associated vesicles and areas of density along the 

microtubule. [B] A microtubule from basal appendage two (BA2) seen crossing the centrosome towards and terminating in an area of the pre-Golgi (see model in Figure 3.26 [F]). 

This microtubule is unique in that it passes near microtubules involved in the pre-cis face of the Golgi [M]. Vesicles were observed interacting with microtubules by what could be 

Dynein/Dynactin or Kinesin transport complexes [C, C’]. A short microtubule was seen within the centrosome [D] and modelled [D’]. Note electron dense materials at one end 

(arrowheads). Another microtubule observed radiating from the centrosome was identified firmly attached to the centrosomal torus [E, F, G] and also had vesicular activity 

associated with it [H]. Parallel sets of microtubules were noted being associated with the pre-cis face of the Golgi apparatus and were found to have numerous smaller vesicles 

associated with them [I, J and K] which were modelled in Figure 3.37 [B]. Scale bars [A, B, C, D and E-L] 50 nm and [C’] 25 nm. 
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Figure 3.37 Centrosome to Golgi Connectivity 

The periphery of the centrosome was found to be closely associated with the nearby Golgi apparatus, which is bound closely on both sides by the nuclear and cell membranes [A]. The pre-cis-

Golgi face was found to be highly aligned with parallel microtubules (with a single intermediate filament (green)), mixed with clusters of numerous small vesicles [B]. The complexity of the 

interaction zone is detailed in [C], where a field of vesicles may be seen surrounding the Golgi have been traced. Although little detail is available within a single slice, combination of many 

slices reveals significant 3D information in a model. [D] An enlarged perspective of the translucent model in [B], however with the Golgi turned opaque to aid viewing. Note the microtubule 

(red) originating from the basal appendage (BA1) is seen interacting and terminating within a zone around the medial to trans-compartments. It was found to be specifically associated with a 

vesicle (red) amongst a field of ‘budding’ vesicles from the edges of the cisternae (see Figure 3.36 [A] for an ultrastructural view of the microtubule). Scale bar 200 nm. 
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Figure 3.38 The Cis, Medial and Trans Golgi Compartments 
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J 

A series of vertical and lateral views of the Golgi cis, medial and trans compartments which were traced manually (as seen Figure 3.37 C). The cis compartments were found to have 

budding protrusions [B] and holes penetrating through the cis stacks [C]. The slender medial compartment was found to contain several fine holes forming a zone of perforation running 

diagonally within medial stack [E, F]. The trans compartment contained numerous vesicles budding from the trans face [G, H and J]. Combined stacks [J], are seen with respect to a 

microtubule array near the cis compartments [K]. Vesicles were found to normally be associated with the faces or peripheral edges of cisternae, while finer holes and fenestrations were 

observed in portions of the stack. 
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A large storage vesicle was identified containing tightly packed granular material (reminiscent of matrix granules) however at a higher density greater than the surround extracellular matrix 

[A, A’ and C*]. An assortment of vesicles packed with similar granules were observed near the trans face of the Golgi [B, D], including a long tubular structure that could have ‘shed’ from 

the face (purple) [C]. Part of the trans-face was connected to the cell membrane via a microtubule [E] where a collection of vesicles were closely associated with the cell membrane [F, F’] 

(seen merging in [E]) and modelled in [C’]. Scale bar [A, D,  F] 200 nm and [A’, B, E and F’] 100 nm. 
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Figure 3.39 Transport of Matrix from the Golgi 
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The distal tip of the cilium is seen interacting with the cell membrane [A] where a number receptor mediated endocytotic processes were identified and labelled in [A] as (B), (C) and (E). 

Coated pits labelled as (B, C, and D) are seen in their corresponding ultrastructural plates [B, C, D] with an enlarged view in [D’]. Note the circular nature of coated pits, unknown 

structures decorating the membrane surfaces, and the extracellular contents of the pits, in the process of endocytosis (see Figure 3.43 for alternative field of [D’]). A semi-circular ‘pitted’ 

membrane indentation, believed to be a coated pit in the process of formation is seen in [C]. Structures revealing Caveolae, are identified in [E] and [F]. Scale bars 100 nm. 

Figure 3.40 The Cilium, Coated Pits and Caveolae 
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Chapter Four: Discussion 

 

4.0 Introduction and Overview 

Despite an ever growing body of knowledge of primary cilia as specialist sensors, many 

questions remain about their role as mechanical transducers and the means by which they influence 

cellular responses. The introductory chapters of this thesis have provided an overview of the 

previously known ultrastructure of primary cilia, a profile of their sensory capabilities, and their 

relationship within the extracellular matrix, cilium and the Golgi continuum. In summary, primary 

cilia occur nearly ubiquitously in eukaryotic cells and although known of for many years have 

recently been acknowledged as an organelle to epigenesis, physiological function, and several disease 

processes [1, 85, 229, 460, 1001]. Primary cilia express a unique (9+0) microtubule doublet symmetry 

nucleated from the maternal basal body, which is subtended by a proximal centriole, and the two 

together forming the diplosome of the centrosome. The centrosome is the microtubule organising 

centre of the cell, and is responsible for controlling many cellular functions [120]. During interphase it 

is located in a juxta-nuclear position, and is important for organisation of the Golgi apparatus [96, 97, 

1002] and determining cell polarity [1003, 1004].  

The hypothesis that the cilium acts as a ‘cybernetic probe’ in connective tissues [26] has since 

been supported by studies which show that primary cilia are unique sensory organelles within a 

variety of tissue types, capable of adaptation for sensing a host of mechanical, chemical, osmotic, 

photonic, polarity and other significant changes in the cellular microenvironment [33]. Norbert 

Wiener [99] coined the term ‘cybernetic’, derived from the Greek κιβερνηηικοζ, literally the ‘steerer 

of a rowing boat’, which is appropriately describes the role of the primary cilium in detecting external 

signals, and directing an appropriate response. 

Current concepts of ciliary structure are based upon data derived from conventional ultrathin 

electron microscope studies of cells and tissues containing predominantly motile cilia [45, 49, 51]. 

Fewer ultrastructural studies have been made of connective tissue primary cilia, as analysis is difficult 

due to the small size of the cilium relative to the volume of the cell, singular occurrence and unknown 

orientation within tissues [973, 1005-1006]. However, extensive ultrastructural analysis of 

chondrocyte primary cilia [26, 27, 96, 97] culminated in the first electron tomographical study by 

Jensen et al., (2004) [25], realising many accurate anatomical details.  

Extracellular matrix of connective tissues plays a dynamic and integral role in cellular 

adhesion, signalling, proliferation, differentiation, apoptosis and mechanotransduction, through 

providing interactions with cell surface receptors such as integrins, which are physically or chemically 

coupled to the cytoskeleton [25, 1007-1009]. These tissue specific macromolecular architectures are 

influenced functionally by the application of biomechanical forces [1009]. The precise types of 

molecular connections and their relative abundance depend largely on the biomechanical function of 

the tissue and the required cellular response to biomechanical forces [1010]. Developmentally, 
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mechanical forces drive mesenchymal cells down a particular lineage [1011], while conversely cyclic 

hydrostatic pressure initiates chondrogenic differentiation and matrix secretion [1012]. 

In cartilage, chondrocytes are believed to sense their extracellular environment through their 

primary cilia, transducing this information to the centrosome, which responds appropriately by 

polarising the Golgi apparatus. This pathway involves a number of unique proteins and biochemical 

signalling cascades spanning from the cilium to the centrosome, allowing intracellular regulation and 

polarisation of the Golgi for the directed regulated secretion of appropriate extracellular matrix 

macromolecules for maintaining the extracellular microenvironment. Many of these known protein 

constituents and interactions are tabulated within the Appendices. The rapid increase in knowledge of 

these proteins and their dynamic association with the structure of primary cilia make this a truly 

unique study.  

 

4.10 Limitations of Study 

This study has primarily focussed upon tomography of in situ embryo sternal chondrocytes 

and has relied upon conventional chemical fixation and osmication, enhanced with RHT and en bloc 

uranyl-acetate stain. Inevitably, the presence of a certain degree of chemically induced artefact, 

shrinkage and distortion is expected, when compared to cryo-tomography techniques [938-943]. As 

such, RHT represents a trade off in fixation strategies, providing the ability to optimally stain, 

stabilise and retain extracellular matrix components that are not conventionally preserved. In addition, 

the enhanced resolution provided by RHT allowed resolution of fine structure never before seen. The 

time required to chemically fix, prepare and examine samples makes electron microscopy a highly 

involved process, however this is compensated for by the improved resolution which tomography can 

provide.  

This study did not attempt to ascertain the preferential orientation of chondrocyte primary 

cilia within cartilage, which has been previously been investigated by Farnum et al, (2011) [973]. 

Measurement of cilia was carried out in ImageJ, however, there are limitations in measurement 

accuracy with semithick as compared to ultra-thin sections. As yet, in situ chondrocyte primary cilia 

have not undergone the same level of tomographical investigation as other cilia types (Appendix VI).  

This is the first study to carry out both tomography and full modelling of a chondrocyte 

cilium, as well as incorporating the Golgi apparatus for visualisation of the ‘matrix-cilium-Golgi 

continuum’ as a functional entity. While only a single-axis tomogram was used to construct the 

model, it is believed to represent the anatomical and structural characteristics common to most 

chondrocyte primary cilia, agrees with, and improves on previous studies [27]. However, it should not 

serve as a sole reference interpret or represent all chondrocyte primary cilia. Further models would be 

a useful complement, however at present their construction is an intensive, though rewarding, 

undertaking. 
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4.11 Ruthenium Interactions with Cells and Membrane Bound Structures  

The combined ability of RHT and its osmication products to interact with, stain and contrast 

membrane proteins and receptor channel complexes remains uncertain. Several authors have reported 

the penetration of RHT into living cells at fixation [960, 1013], including the biological effect of 

inhibiting T-cell activation [1014] RHT is reported to interact with a wide variety of membrane 

proteins and ion channels, many of which are reported upon cilia and flagella, however its ability to 

stain and contrast these structures remains unclear. Ruthenium Red also displays a high affinity for 

phospho-lipid membranes, specifically for L-alpha-phosphatidyl serine, where its action upon 

membranes has been modelled [1015, 1016].  

Following RHT treatment, the ciliary membrane was observed to contain numerous heavy 

stained structures, as detailed in Figs 3.11 D-M, 3.12 and 3.15. These may represent numerous 

potential membrane bound components of matrix receptors, channels and their associated components 

upon the chondrocyte primary cilium. RHT has been used by Czukas et al., (2007) [1017], 

demonstrating an ability to resolve fine structures, when using it to identify fine linkages between 

stereo-cilia in alligator lizard auditory hair cells. In contrast, RHT in the present work led to such 

heavy staining of the perciliary membrane that it rendered some parts of those areas too opaque to 

adequately resolve any structure.  

 

4.12 Occurrence and Morphology of Chondrocyte Primary Cilia  

The incidence, length, morphology and orientation of primary cilia have been analysed in 

many connective tissue studies of fibroblasts [30, 95], tendon [26, 1018] and cartilage [26, 27]. It has 

been found that normally only one primary cilium is expressed per in situ interphase cell [30] as 

originally noted by Zimmerman [9]. This is believed to hold generally, however recent observations 

of primary cilia metaplasia on the apical surface of renal proximal tubules [1019] raises interesting 

perspectives as to the role of the primary cilium in these epithelial cells. Observations of cells 

containing bi-ciliated primary cilia have been made in many cell types, though the reasons for, and the 

dynamics of multi-ciliated centrosomes remain largely unknown [944, 978, 1020-1022]. Although 

their presence is reported associated with both cancerous and benign cells [248, 249, 1023, 1024]. 

Most chick sternal chondrocyte primary cilia were found to be surrounded by fields of matrix 

granules with only a sparse presence of collagen fibres near the cilium. The most significant 

discrepancy in measuring axoneme lengths may arise from the effect of sectioning, where the lengths 

of bent or longer cilia are not included, skewing the results slightly in favour of a shorter average 

length. Discrepancies in measuring basal body lengths may result from inclusion of incomplete or 

misaligned cilia in sampling (which is difficult to determine with semithick sections, especially in 

respect to the basal body) as well as errors from microscope settings, shrinkage and choice of 

measurement points. Basal body lengths were measured from the proximal base to the end of the C-
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subfibre, near the alar sheet attachment site. This leaves the interpretation of the end-point of the basal 

body between the start of the transition zone and the ciliary membrane, subject to error.  

Many authors have studied chondrocyte primary cilia in articular, growth plate, sternal and 

mandibular cartilage [26, 27, 42, 96, 1005, 1025-1026], with Rich et al., (2012) [365] having 

reviewed their incidences and lengths. Earlier studies of the presence, length and morphology of 

chondrocyte cilia revealed that ciliary length varies little between species [27, 28, 365, 973]. The 

measurements of chondrocyte primary cilia by Wilsman in 1978 [28] (1.76 µm, ζ 0.80) closely match 

the results of this study (1.80 µm, ζ 0.36) except for lengths of basal bodies (0.5 µm ζ 0.03 to this 

study 0.365 µm, ζ 0.01) and the range of axoneme lengths were similar (0.28-3.29 to this study 0.7-

2.41) µm, respectively. On the other hand, primary ciliary length can vary greatly between cell types, 

from those expressing minimal extension of the axoneme (such as in the T-cell immunological 

synapse [1027]), to a length of 4.2 ± 2.2 µm in the rat flexor tendon [1018], and to extremes of 20-30 

µm (in Ovine Meckel-Grueber MKS3 fibroblasts [1028]). The depth of semithick sections prevented 

reliable measurement of basal body widths. However, transition membrane widths were measured 

(0.262 µm ζ 0.015, Section 3.5) in comparison to basal body width (0.21 µm, ζ 0.01) as reported by 

Wilsman [28]. This indicates a 26 nm wide ‘inlet zone’ extending between the membrane and the 

microtubules of the transition zone. Anderson (1972) [45] reported a variable luminal diameter of the 

basal body (0.13-0.15 µm), indicating the luminal end surface area is at least 1.25 times that of the 

transition zone.  

 

4.13 Chick Sternal Cartilage Tomogram Selection 

Of the many tomograms acquired, it was decided to model a single-axis dataset that contained 

a near complete ciliary axoneme, laying within an indentation resembling an enlarged ‘ciliary pocket’ 

[1029] (Figure 3.6). This section contained a near complete cilium and proximal centrioles of the 

microtubule organising centre and was positioned adjacent to the nucleus, in close proximity to the 

Golgi apparatus. The ‘pocket’ itself offers a striking comparison with an image published by 

Wheatley (Figure 6.1, pg 149 [3]) [1030] of a cilium extending into a large luminal vacuole with the 

centrosome positioned against the nuclear membrane. In the chondrocyte tomogram, the matrix 

surrounding the cilium within the indentation is of a lower staining density than that of the 

extracellular matrix, and is uniquely devoid of collagen fibres.  

 

4.14 Defining the Cilium and its Relation to the Golgi 

Numerous detailed tomographical studies have focussed upon the finer molecular aspects of 

the microtubule-based architecture of the motile axoneme, with none attempting to explore either its 

complete structure, or the relationship of the cilium within the centrosome and its relationship to other 

organelles. The modelling of a continuum between the matrix, the primary cilium, the centrosome and 

the Golgi within one tomogram, as achieved in the present study, uniquely indicates the presence of a 
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highly ordered microtubule-based structural continuum mechanically linking the cilium with the 

Golgi apparatus. The interrogative and inclusive model enables a three dimensional understanding of 

the architecture of the primary cilium not available from conventional ultra-thin studies.  

 

4.20 Interpretation of the Model Structure  

In an effort to understand the structural components of the model, and their functional 

significance, it is necessary to compare features already described in the literature on cilia, the 

cytoskeleton and cellular organelles, including the Golgi apparatus. Appendix VI contains a selected 

review of tomographic and modelling studies of components of the extracellular matrix, of cilia, 

flagella, the cytoskeleton and the organelles of various species. While many studies have focussed 

exclusively upon motile cilia, only Jensen et al., (2004) [25] has utilised tomography to study 

chondrocyte primary cilia, investigating linkages between the ciliary membrane and with the 

extracellular matrix.  

While the microtubule architecture of centrioles, basal bodies and axonemes have been 

extensively reviewed, only recently have they been the focus of higher resolution studies [1031, 

1032]. While it is not possible to know with any certainty, which proteins make up the structures 

detailed within the model, it is possible to deduce what these may be, with some degree of certainty. 

Studies based upon lower resolution immunofluorescence and electron microscopical localisation of 

known proteins can serve as a bridge for interpretation. Selections of known structural and signalling 

proteins specific to primary cilia are included in Appendices, and form an essential basis for 

translating ultrastructural based information into putative function. While electron tomography studies 

have greatly aided the analysis of cellular organelles, the construction of large-scale models from 

datasets remains a laborious process, and is not usually undertaken. 

 

4.21 The Matrix of the Ciliary Pocket 

Areas of lower density matrix were frequently observed in a zone surrounding chondrocyte 

cilia, which also express various degrees of deflection and invagination of their projection with the 

cell membrane. The molecular structure and functionality of this ‘ciliary matrix zone’ remains to be 

determined. The matrix granule density within the ciliary pocket is less than the external pericellular 

matrix environment (Figs 3.5 C and 3.7). This may indicate an area of special matrix properties, or 

that freshly secreted matrix materials are less inter-connected. Knudson (1993) [861] showed that 

pericellular matrix assembly occurs in a zone near the cell membrane directed by hyaluronan in an 

‘aggrecan rich chondrocyte pericellular matrix’ (sic) anchored by interaction between hyaluronan and 

its receptors [1033, 1034]. All tomograms revealed the pericellular matrix usually consisted of a 

complex mix of collagen and proteoglycans (Figure 3.5, A’, B’), and a number of cilia were 

characterised by a distinct absence of collagen fibres in their vicinity. The periciliary matrix of the 

model presented consisted solely of regular arrays of matrix granules (Figs 3.5 and 3.6) 30-45 nm in 



 
 

138 

 

diameter, each connected to at least 4 others via fine filaments (thought to be hyaluronic acid or Link 

protein). It is believed that the basic inter-connectivity and structure of the granule network was 

preserved by RHT treatment, rather than being a post-fixational artefact. Tomography revealed the 

individual granules to consist of aggregates of multiple minor precipitates of stained proteoglycan 

components that may have coalesced due to dehydration during processing (Figure 3.10) [967, 1034].  

Thyberg et al., (1973) [1034] analysed epiphyseal cartilage matrix granules, reporting them to 

be polygonal in shape, ranging in size between 100-500 Å (10-50 nm), while Phillips et al., (1989) 

[967] noted connectivity of up to 7 filaments per granule. Matrix granule substructure consists of 

densely stained aggregates, reported by Matukas et al., (1968) [1035] to vary from 15 to 40 Å (1.5 to 

4 nm) which closely matches observations from tomogram ultrastructure in this present study of 

matrix granules (Figs 3.10 and 3.11), where similar sized punctate deposits were also identified on 

fibres linking the matrix granules.  

In adult cartilage, matrix granules have been found to have a greater concentration in the 

pericellular capsule than in either the pericellular or territorial matrices [788] (Figure 1.25). Slightly 

greater numbers of granules of larger diameter are reported within the proliferative compared with the 

hypertrophic zone (viz 27 to 24 nm) [1034]. The functional importance of the distribution, inter-

connectivity and size of these granules within cartilage remains to be determined. 

Modelling of the matrix granule network within the pocket surrounding the cilium indicates 

that both the granules, and their network, contain a regular higher ordered structure (Figs 3.5 C’, 3.12 

and 3.41). Such a uniform inter-connective ‘mesh-work’, represents a unique architecture likely to 

enable the transmission of mechanical forces to the cell and ciliary membranes [1036]. Zhu et al., 

(1996) [1037] established that proteoglycans, in vitro, form tensile networks which exhibit complex 

proteoglycan to proteoglycan shear moduli (where Link proteins determine their viscoelastic 

properties) and their stabilisation increases the average strength of the reaction sites in the network 

[1038-1041]. How these interact with and transmit forces from their bulk matrix via linkages to the 

ciliary and cell membrane offers interesting opportunities for further study.  

Of particular interest are the properties of the granule network ‘packing density’, and its 

mechanical role in influencing ciliary movement, as well as allowing the diffusion of solutes and 

ligands. Matrix components such as proteoglycan residues form integral parts of a number of cellular 

pathways associated with receptors known to primary cilia [1042-1044], which also influence Wnt 

proteins [419].  
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4.22 The Periciliary Membrane and the Ciliary Pocket  

The periciliary membrane and the ciliary pocket encompass an area spanning from the 

transition zone, extending into the cell membrane around the cilium and centrosome. In many cases 

this is contained within the ciliary pocket, due to the mechanisms of ciliogenesis [295, 1045], or 

potentially as the result of movement of the basal body internally within the cell. The ciliary pocket 

has been previously described [978] as a tightly enclosed active endocytotic zone [420] surrounding 

the base of the cilium. It may express degrees of invagination, and is normally observed sheathing the 

primary cilium (Figs 3.3, 3.4 and 3.5).  

Examination of numerous candidate cilia shows that the degree of invagination of the cilium 

within the ciliary pocket of the chondrocytes varies substantially. This may allow controlled reduction 

of the gain of extracellular signals, where the cilium acts as an adaptive antenna. This may also 

function to protect the cilium from the external environment while positioning the cell, or 

repositioning of the centrosome for other functions. How this process occurs, and how ciliary 

receptors and signal transduction function during invagination, is unknown.  

Numerous vesicles are closely opposed to the periciliary membrane surrounding the cilium, 

that may be inferred to have been derived from the Golgi apparatus (Figure 3.42). The periciliary 

membrane was observed to be devoid of actin filaments. Actin clearance is required for centrosome 

and basal body docking in the ‘immunological synapse’ in T cells [1027, 1046], which thus becomes 

a focus for the endo- and exocytosis of materials [1027, 1047, 1048]. Depletion of actin severing 

components is reported to inhibit ciliogenesis [255, 297]. The membrane of the pocket is known to be 

involved in ciliary protein sorting and entry [326, 1027], while TGF-β signalling is associated with 

endocytosis in the pocket, and also at the interaction sites of the distal tip of the cilium [420]. The 

model illustrates the periciliary membrane of the chondrocyte in close proximity with the distal tip of 

the cilium, which is associated with an active zone of clathrin-coated pits, presumably undergoing 

receptor-mediated endocytosis [26, 978] (Figs 3.8, 3.9, and 3.40-3.43). 

 

4.23 The Ciliary Membrane 

The ciliary membrane provides a huge surface area to volume ratio (~4×10
7
 m

-1
), potentially 

acting as a high sensitivity sensor for detecting and amplifying external stimuli. Due to its small size, 

a complete analysis probably lies within the realms of quantum physics for interpretation of nanoscale 

interactions of its protein-based components [376, 1049-1051].  

Analysis of chondrocyte ciliary membranes revealed that intra-membranous matrix granules 

were inter-connected via fine linkages, forming a complex web of tensile proteoglycans, which 

generated localised distortions or ‘dimples’ in the membrane, similar to observations by Jensen et al., 

(2004) [25]. These matrix connections were matched by protein complexes decorating both sides of 

the ciliary membrane. These are most likely trans-membrane proteins or complexes closely associated 

with extracellular linkages (Figure 3.11 E-J). Some unknown structures not associated with linkages 
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were also identified (Figure 3.11 J-L). Internal luminal linkers were found to be physically connecting 

the ciliary membrane to microtubule doublets (Figure 3.12). These connections together serve to 

physically connect the extracellular matrix to the membrane, the membrane to the axoneme 

microtubules, and they also link the microtubules to each other. 

Freeze fracture of motile ciliary membranes revealed arrays of intra-membranous materials 

consisting of longitudinal rows, rosettes, plaques, and necklaces with attachment sites associated with 

the microtubule doublets beneath [51, 52, 345]. Differences in ciliary patterns reportedly exist 

between cell types, with higher densities of materials in sensory cilia [52], however the details of the 

identity and targeting of membrane proteins has remained largely unknown until recently [345, 376]. 

This present study has revealed the presence of numerous punctate electron dense materials of 

unknown function associated with, and spanning the ciliary membrane (Figs 3.11 and 3.15). 

While it is tempting to speculate about the localisation of membrane receptors, it could be 

inferred that any potential specific distributions of these may be closely related to the presence of 

microtubule IFT-like materials (Figure 3.14). How membrane receptors are organised is relation to 

membrane-microtubule linkages is not yet established. The inability at the present time to identify 

these proteins within the membrane could to some degree be resolved in future with specialist 

immuno-histochemical investigation [385], in combination with higher resolution tomography and 

immuno-gold labelling.  

 

4.231 Linking Matrix to the Ciliary Membrane and Transduction 

Literature on chondrocyte ciliary receptors is relatively unknown; however, they probably 

utilise sensors receptive to tonicity and physical forces appropriate to maintaining cartilage tissue 

function. Activation of chondrocyte membrane receptors may occur directly by membrane tension 

from physical force impulse transduction, pressure induced deformation resulting from compression, 

electrical differences from streaming potentials [817, 1008], and from receptor-ligand signalling 

[422].  

The reported presence of integrin receptors upon chondrocyte primary cilia provides a 

putative physical link to the tethering extracellular matrix components. Furthermore, integrin 

receptors are known to exhibit cross-talk with other components, such as growth factor receptors 

[1052]. β1-integrins in primary cilia of MDCK cells are reported to potentiate fibronectin-induced 

Ca
2+

 signalling [458] and have been found to associate with PC2 [406], where ciliary bending has 

been shown to be increase intracellular calcium levels [34]. Although their role in chondrocyte cilia 

remains to be determined, the study of receptors provides a putative framework for focussing upon the 

role of potential receptors, their transport, inclusion and functional role within the cilium. 

Resident ciliary membrane receptors and their associated peptides may vary in their temporal 

expression, providing an adaptive ability to detect a range of signals, ligands and matrix effects, 

which may potentially influence function appropriate to their role. Well-known mechanotransductive 
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proteins of ciliary membranes already discussed include the sodium channel, ENac, the universal 

polycystin protein complex of PC1 and PC2, and the TRPV4-cation channel (Figs 1.16-1.18).  

Receptors such as insulin growth factor IGF-1R also possess an extracellular ligand-binding 

domain, and a luminal region with enzyme linked components [1055]. Curiously, IGF-1R regulates 

Gβγ signalling, which is reported to aid in G1-S phase progression by inducing ciliary resorption, 

linking ciliary signalling functionality to the cell cycle [1054]. 

In fibroblasts, platelet derived growth factor tyrosine kinase receptor signalling is regulated 

through primary cilia, and utilises the MEK1/2-ERK1/2 pathways [344, 1055]. In addition, vascular 

endothelial growth factor (VEGF) receptor complexes have been visualised through electron 

microscopy [1056], in which direct contacts are required with matrix for their activation and 

signalling [1057]. The epidermal growth factor (EGF) receptor contains both extracellular and luminal 

components [1058] and may have a sensory function with TRP family member PKD2 on the cilium 

[1059]. Other signalling receptors, such as Smoothened, whose sequence is similar to Frizzled, have 

recently been modelled [1060], while the structures of TRPV1 [1061] and TRPV4 [1062] have also 

been investigated. Receptors within chondrocyte cilia are likely specific to their sensory functions, for 

example Interleukin-1β is reported to sequester hypoxia inducible factor-2α (HIF2α) to the cilium in 

chondrocytes [1063], vital for anabolic sensation for the phenotype. 

While many proteins are known to be localised to the cilium, it is not possible in this study to 

identify unequivocally any within the ultrastructure of the chondrocyte or the model. The linking of 

membrane receptors to ciliary sensory function, and their signalling pathways represents a new 

endeavour of visualisation encompassing the specialist aspects of the mechanisms of transduction, 

which lie outside of the scope of this present study, but present fruitful opportunity for future work, 

building on the model presented here.  

 

4.232 Cilia, ENac and Mechanotransduction 

The sodium channel ENac participates in a diverse range of functions, from maintaining 

intracellular sodium levels, to registration of nociception and mechanotransduction [1064-1066], and 

has been found localised upon cilia [1066]. The ENac channel also shares compositional similarity 

with the P2X receptor family members implicated in ciliary mechanotransduction [422]. Evidence 

suggests they respond to flow [1067] as a sensitive membrane shear sensor, activated from membrane 

tension, or in combination with impulses from nearby matrix connections [1068, 1069]. Speculatively, 

they operate by altering permeability to sodium, thus inducing transient depolarisation, and are 

influenced by their order and lipid interactions within the membrane [1070, 1071], where their 

signalling and regulation utilises catalytic kinases and their messengers [1072, 1073]. While they have 

not yet been reported to be present upon chondrocyte primary cilia, evidence that these structures 

transduce mechanical stimuli suggests they will be found there. 
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4.233 The Axoneme Membrane 

The translucent three-dimensional model view of the ciliary mid-section (Figs 2.11 A and 

3.12) illustrates the cilium laying in matrix within a membrane pocket and shows the tapering of the 

proximal transition zone towards the distal end (right to left) of the axoneme. Only selected matrix 

zones were modeled here (depicted in Figs 3.12, 3.16 E and 3.41). These impinge upon the membrane 

along its length, and where connected by filaments they form localised ‘dimples’, suggesting the 

membrane is under tension locally, so that changes in applied force could alter this tension. The net 

combination of these forces within the matrix is translated to produce the bending and torsional 

moments upon the cilium (Figs 3.12 and 3.13). 

The membrane displays a remarkable ‘rippled’ texture, which neatly and uniformly covers the 

axonemal contents. Curiously, only small numbers of y-shaped linkers were observed attached to the 

membrane in the transition zone. Their low presence could result from functional reasons or from 

RHT treatment at the time of fixation. Two small vesicles were found located close to the membrane 

of the transition zone (Figure 3.18), closely associated with the membrane, which nearby tapers into 

the pericellular membrane at a sharp right angle (Figure 3.35). It remains unclear whether they 

represent artefacts of fixation, however exosome-like vesicles containing PC1, PC2 and Fibrocystin 

have been discovered associated with the ciliary membrane, indicating that cilia are also possibly 

receivers of packages of more complex information [1074]. Thus, the presence of vesicles apparently 

emerging from the cilium may represent a normal mode of temporal receptor control and clearance. 

 

4.234 Ciliary Membrane Forces 

Forces upon the cilium are visible as localised distortions in the membrane, but also in the 

twisting and deflection of the axoneme transferred from the surrounding periciliary matrix. The radii 

of the ciliary membrane were found to be generally more consistently uniform between the middle 

and distal segments, where the microtubule doublet numbers were reduced to 5, and many IFT-like 

materials were located. Osmotic or mechanical loads result in membrane changes that are constrained 

by both the matrix and ciliary microtubule structure. Particle attachment to membranes is responsible 

for membrane deformation, and results in changes to the elastic energy of the membrane [1075].  

The generation of curvature in membranes is intrinsic for both ciliary activity and protein 

function [1075-1079]. A number of proteins are involved in influencing the development of 

membrane curvature [1075], sorting of lipid components [1080], controlling rigidity [1081], 

membrane deformation [1082- 1084] and gradient formation [1085], where it is probable specialist 

curvatures of the ciliary membrane influence and have a role in aiding receptor and GTPase function 

[1083, 1084, 1086].  
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4.24 The 9+0 Microtubule Axoneme 

The microtubule doublets were found to taper luminally inwards in their projection along the 

length of the axoneme, reducing in number distally (from 9 to 5, detailed in Figs 3.4 (O-Q) and 3.13), 

and were also deflected and twisted from the net effects of applied extracellular load. A strong 

morphological similarity is seen in comparison with the artistic representation by Wilsman (1978) 

[27] of the chondrocyte cilium (Figure 1.2).  

 

4.241 The Flexural Rigidity of Primary Cilia 

Models of axoneme bending behaviour of exist for both primary and motile cilia [1087, 

1088]. Schwartz et al., (1997) [1089] calculated the flexural rigidity of the primary cilium in the rat 

nephron in response to fluid shear of 3.1 ± 0.8 x 10
-23

 Nm
2
, which fitted the ‘heavy elastica’ model (1) 

in predicting the bending behaviour. The cilium was assumed to be a cylindrical cantilever beam 

subject to fluid drag, where ψ (s) is the slope angle at point s along the beam, and k is dependent upon 

the applied load and the material properties of the beam (valid for ψ <15°). 

     (1) 

For fluid drag experienced upon the cilium, modelled as a ‘cylinder’ for laminar flow condition per 

unit length (ω), Re is the Reynolds number, ρ the density (kg/m
3
), ν the velocity (m/s) and d the 

diameter (m) of the axoneme is given by Schwartz et al., (1997) [1089] (2). 

     (2) 

Downs et al., (2012) [1087] carried out an experimental analysis of cilium deflection from 

fluid flow and found the flexural rigidity in vitro to be near 2 x 10
-22

 Nm
2 

(larger than previously 

reported by Schwartz et al. (1997) [1089], viz 3.1 ± 0.8 x 10
-23

 Nm
2
) and also provided analysis of 

rotational bending and non-linear effects. In comparison, motile cilia express rigidities an order of 

magnitude greater. Fluid drag forces upon renal primary epithelial cilia from 2 Hz orbital shaking are 

estimated to be 5.2 ×10
−15 

N [1090].  

Computational modelling of fluid dynamics of both active rotating and passive cilia in the 

mammalian embryo node revealed maximal shear stress and pressure upon cilia occurs at their tip 

[1189]. Finite element fluid flow modelling by Rydholm et al., (2010) [1092] identified the ciliary 

transition zone membrane and microtubules around the base of the cilium as experiencing the greatest 

stress in response to flow. The dynamics of ciliary bending in flow are reviewed by Young et al., 

(2012) [1093] where 80 cilia from the inner medullary collecting duct were found to have an average 

length 3.9 µm with a bending rigidity spanning between 1-5 × 10
-23

 Nm
2
. It was found longer cilia 

experience greater drag forces, and thus bend more easily [1089].  

Within the cilium model described here, five microtubule doublets run almost the full length 

of the axoneme (Figure 3.14), which using Downs et al., 2012 [1087] figure for primary cilia flexural 

rigidity (2 x 10
-22

 Nm
2
) would give rise to a doublet rigidity of around 4 x 10

-23
 Nm

2
, assuming similar 
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that the cilium architecture. This is in line with flexural rigidity observations for motile cilia doublets 

by Gittes el at., (1993) [1094] of 5 x 10
-23

 Nm
2
, and with Aoyama et al., (2005) [1095], estimate of the 

sperm axoneme microtubule doublet rigidity being around 6.0 × 10
−23

 Nm
2
. The value of such 

comparisons between motile and non-motile cilia remains unclear. In comparison, the steady state 

deformation and mechanical properties of cytosolic microtubules have been studied extensively 

[1193], although measurements of microtubule flexural rigidity by various authors has given rise to a 

range of conflicting results (0.27-3.0 x 10
-23

 Nm
2
) [1094, 1097-1100]. 

Observations in this study of independent microtubule doublet lengths within the cilium may 

explain variances of flow induced non-linear ciliary bending and reports of the presence of ‘kinked’ 

axonemes [1087]. Such variances in observations of rigidity and nonlinear effects are to be expected 

between cell types if cilia can dynamically vary their lengths and microtubule numbers. 

Measurements of ciliary rigidity to date have taken place within a less viscous medium of aqueous 

saline, however rigidities for chondrocyte cilia are constrained by their embedding within a gel-like 

extracellular matrix, and remain unreported. This places chondrocyte primary cilia in a unique 

category amongst ciliated cells. 

 

4.242 Distribution of Materials upon the Axoneme Doublets 

Materials associated with each microtubule doublet were interpreted and classified according 

to their shape and possible function. These are tabulated within Figure 3.29, with respect to which 

microtubule doublet, its length, and position relative to the basal appendages, while their linear 

distributions are visualised in Figure 3.14.  

The distal tip of the cilium may be viewed as a ‘turn-around’ terminus zone for the transport 

of materials to the end of the microtubule doublets and has received little ultrastructural investigation. 

The membrane luminal surface was coated with a number of structures associated with the 

microtubule terminations, some of which were connected by fine linkages and dense deposits (Figure 

3.16). Along the axoneme fibre ‘linkers’ connecting microtubule doublets to the membrane, and 

shorter non-connecting filaments were identified, decorating both the membrane and luminal sides of 

the microtubules (Figure 3.15). These were similar to fine 10 nm long fibres that have been reported 

associated with cytoplasmic microtubules [166], and it is likely similar proteins may also act as 

scaffolds upon the basal body. Between microtubules of the axoneme, the fine filaments and inter-

connecting linkages were primarily associated with the A-subfibre, for microtubule to membrane 

linkers (A:B 86:62), while inter-microtubule linkers being found to be more evenly associated with 

the B-subfibre (A:B 46:59). Filaments which decorated the membrane and luminal faces of the 

microtubule surfaces, but did not connect to membranes or other components were of higher 

incidence upon the B-subfibre (internal A:B 42:75) and external filaments (A:B 43:54) respectively 

(tabulated in Figure 3.29 B and C). At present, the nature of these structures remains obscure.  
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4.243 Distribution of IFT-like Particles 

This is the first study to take a detailed look at IFT particles within the chondrocyte primary 

cilium. A significant limitation of electron microscopy is the difficulty of matching known or 

anticipated functions, determined by techniques of molecular biology, to the micro-morphology 

exposed by staining with heavy metals. It is however possible to speculate on that relationship, since 

recent proteomic analysis of cilia and primary cilia in particular has revealed many of their structural, 

transport and signalling protein components [41, 132, 270, 468, 1101-1104]. Maintenance of ciliary 

function requires continual turnover of material within the cilium, which only be achieved by 

transport from the cell into the ciliary lumen. 

Identification of IFT-like particles as macromolecular protein complexes located between the 

microtubule doublets and the ciliary membrane resulted from comparison with previous ultrastructural 

findings of Rosenbaum et al., (2002) [1105]. Figure 3.29 tabulates the relative doublet position, their 

lengths, accumulations of materials, including ‘rafts’ of IFT-like particles, with reference to the 

positions of the basal appendages. Distributions of IFT-like ‘rafts’ of materials were identified 

predominantly upon longer microtubule doublets, and were clustered towards the distal end of the 

axoneme (Figure 3.14).  

The choice of microtubule triplet numbering on the chondrocyte cilium was in reference to 

the presence of Basal Appendage One (BA1), and incremented in convention with motile cilia. IFT-

like accumulations were predominantly concentrated upon microtubule doublets 2, 3, 6, 7 and 8 with 

1, 4, 5 and 9 being less populated or free, while basal appendages spanned microtubule triplets 1, 9 

and 2 and 6, 7 and 8 (Figure 3.29). In comparison, Buisson et al., (2013) [261] noted IFT in the 

flagellum Trypanosoma brucei was restricted to microtubule doublets 3, 4, 7 and 8, with 1, 2 and 9 

being available for transport, while Absalon et al., (2008) [284] noted IFT restriction predominantly to 

doublets 3, 4, 7 and 8. 

Curiously, Basal Appendage Two (BA2) contained the greatest number of anchored cytosolic 

microtubules involved in active transport processes (visualised in Figure 3.27), and it is closely 

associated with microtubule doublet 3, which carries the greatest number of IFT-like materials. This 

might indicate that within the chondrocyte cilium, transport may be preferential upon distinct radial 

populations of microtubule doublets, and the distribution of basal appendages may influence their 

loading. This discrete transport relationship and assignment of cargoes upon specific microtubule 

doublets is likely to be structurally defined, and may depend on the relative proximity of the triplet to 

the basal appendage basement structure, for access of vesicles and fine materials from docked 

microtubules (detailed in Figs 3.24, 3.25 and 3.27).  

This relationship may be further developed through the observed variances in microtubule 

length, which requires IFT for their polymerisation and stabilisation [320]. Curiously, Gluenz et al., 

(2010) [1006] established that certain microtubule doublets may undergo preferential collapse, and 
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furthermore, that the pro-centriole is commonly tethered to a preferred microtubule triplet, indicating 

discrete polarisation of basal body processes. 

While it is not possible to identify proteins within the tomogram with any certainty, the 

chondrocyte model indicated the presence of IFT-like structures accumulating within two laterally 

opposed zones (Figure 3.14 arrows). Structures were noted upon both the A and B-subfibres, (with a 

slightly higher association with the B-subfibre), including on the internal lumen side, while shorter 

microtubules of the axoneme were generally bereft of IFT-like particles. In motile cilia, the A-

subfibre contains motile dynein machinery, while IFT-trains are observed to be tightly contained 

between the B-subfibre and the membrane [269, 322]. In comparison with primary cilia, the A-

subfibre is free, and thus could be used for discrete transport (detailed in Figs 1.9, 3.12, 3.15, and 

3.17). IFT-complex particles must first be transported to the basal body microtubule substrate, where 

they become selected and activated to transport their cargoes to their respective destinations, before 

being recycled [261-264]. IFT-complexes and transport motors have been reported to be concentrated 

around the transition zone and basal body, where their interaction dynamics are discussed by Pedersen 

et al., (2008) [103].  

Chondrocyte IFT collections were found to have 20-45 nm periodicities, with the longest 

‘raft’ measuring 400 nm, with 150, 80 and 30 nm lengths also being observed, distributed with the 

highest concentrations observed upon microtubule doublets 3, 6 and 8 (Figure 3.29). Tomography by 

Pigino et al., (2009) [269] identified, in Chlamydomonas reinhardtii, IFT ‘trains’ consisting of both 

‘short and long’ trains containing 12–27 particles per train, with mean lengths of 250 and 700 nm with 

a periodicity of 16 nm for the short, and 50 nm for the long train, respectively. Engle et al., (2009) 

[264] indicated transport particle size was inversely related to flagellar length. Recently, Buisson et 

al., (2013) [261] reported anterograde transport trains of 393 ± 51 nm, with retrograde trains 250 ± 51 

nm in Trypanosoma brucei [261], with dual anterograde populations exhibiting velocities of 2.22 and 

3.12 μm/s (a small population exhibiting low velocities of 0.5 μm/s) and retrograde speeds of up to 

7.42 μm/s. Such variable velocities may indicate a more complex microtubule-motor-IFT cargo 

relationship, which is yet to be addressed. Anterograde transport frequencies of around 1 Hz were 

observed for anterograde trains, whilst retrograde frequencies are three times higher [261]. It has been 

proposed that different anterograde velocities result from the actions of different motors [1106].  

Given the number of transport motors that have been identified associated with the cilium, 

there remains the likelihood of finding further ciliary motor interactions. These may possibly 

including KIF12 and KIF13A [103], as well as a greater role of KIF7 and KIF17 motors in the distal 

region [47, 270]. Furthermore, Ou et al., (2007) [285] indicated that IFT-components and transport 

may be influenced by cell phenotype. This may indicate that chondrocytes display unique structural 

and ciliary functionality, as evidenced by close anatomical similarities between the model and the 

architecture described originally by Wilsman [27]. 
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In conclusion, ciliary morphology affords a strong inference that IFT-trains travel upon 

restricted sets of microtubule doublets, individually controlled by discrete mechanisms from the basal 

body, akin to a train marshalling yard. This would explain variances in doublet length and cargo size.  

 

4.25 The Transition Zone 

The transition zone consists of linking structures of three distinct types: y-shaped linkers, alar 

sheets, and interspersed fine filamentous fibres. The term ‘distal’ or ‘transitional fibres’ has also been 

used in the literature to describe ‘alar sheets’. Alar sheets function to attach the basal body to the 

periciliary membrane, while y-shaped linkers connect the microtubule doublets to the ciliary 

membrane. Both are considered to act as both a physical barrier and a regulatory zone. The transition 

zone is formed from two distinct compartments: the alar sheet zone from the axoneme juncture to the 

basal body and the y-shaped linker zone (Figs 3.18 and 3.19). However, descriptions of these 

structures vary between cilia types and between cell types [48, 49, 1107]. Horst et al., (1987) [1108] 

identified the presence of cell surface glyco-conjugates linking the microtubule doublets to the ciliary 

surface glycocalyx, in rat photoreceptors, indicating the possibility of extracellular interactions in 

these cells.  

In the present work, tomography revealed densely stained accretions decorating both the 

microtubule doublets, and the membrane within this zone, interpreted as indicating the presence of 

proteinaceous complexes. Two small membrane associated vesicles were located nearby closely 

associated with the ciliary membrane (Figure 3.18). Their small diameter would allow them to 

migrate through the ciliary matrix granule zone, but they could also represent used or superfluous 

ciliary receptors shed from the membrane. 

This zone contains many protein structures whose identities and functions remain obscure 

(Figs 3.18 and 3.19). The distribution of ciliary proteins within the transition zone compartment has 

been reviewed by Szymanska et al., (2012) [65], Czarnecki et al., (2012) [55] and Garcia-Gonzalo et 

al., (2011) [70]. Ciliary transition zone components have recently been likened to a nuclear pore 

complex [68], where it is proposed to function both as a regulatory zone and a diffusion barrier [1109] 

for the orderly processing and exclusion of materials [66, 297, 1109]. Whether this zone is permeable 

to vesicle transport remains to be seen. 

 

4.251 Y-shaped Linker Structure 

The presence of few identifiable y-shaped linkers within the ciliary transition zone in the 

tomogram was a surprise in view of previous studies [49, 51] and given their very visible presence in 

the in vitro work (Figure 3.4). This may reflect the effects of RHT and fixative influencing their 

preservation, or temporal variation within the cilium at the time of fixation. Y-shaped linkers were 

hard to discern and translate to the model adequately in the tomogram due to poor contrast. Curiously, 
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no y-shaped linkers were identified upon two of the shorter microtubule doublets 4 and 5 (Figure 3.29 

C), indicating a possible absence of these structures upon dynamic microtubules.  

 

4.252 Sub-Distal Fibres: Filamentous Structures 

A number of fine filaments were observed within both the transition zone and basal body, 

linking the microtubules to the membrane. These were investigated and modelled (Figure 3.19) 

revealing them to be concentrated in a sub-distal zone upon the basal body, in proximity to the alar 

sheets and associated with denser depositions along the microtubule surface (Figure 3.19 D-G). The 

composition and function of these fibres remains unknown, as such structures have not been 

commonly reported in the literature [49].  

 

4.253 The Alar-Sheets Structure 

The alar sheets are believed to function as a regulatory entry barrier for active transport into 

the cilium [297, 308], from where the doublet subfibres of the triplets transition to form microtubule 

conduits on which transport complexes transfer structural, signalling and receptor proteins to their 

required locations, and are recycled back to the centrosome.  

Within the tomogram the alar sheets, like the y-shaped linkers, were difficult to discern, 

unlike the earlier in vitro ultrastructural investigations (see Figure 3.4 N and O). Each consisted of 

lightly stained fine amorphous granules that tether the basal body to points within the periciliary 

membrane. Originating from an attachment zone near the distal end of the C-subfibre, the alar sheets 

evenly span across each doublet face, focussed upon the B-subfibre base (50 nm wide and 90-100 nm 

in length), tapering outwards at right angles from the surface of the triplets, to focus upon anchoring 

points within the ciliary membrane (see Figs 3.4 and 3.19). The transition zone membrane width was 

found to average 262 nm in diameter (Section 3.5), with the entire alar sheet and basal body docking 

system measuring an estimated 500 nm in diameter, in line with observations by Sillibourne et al., 

(2011) [1110]. 

The tomogram provides perspectives of the alar sheets, which were modelled selectively due 

to their lower density structure, consisting of fine inter-dispersed granules (Figure 3.19 H). There was 

little evidence to support the alar sheet structure as consisting of ‘wings’, that is frequently reported in 

the literature [25, 45, 297]. The model shows the presence of vesicles in proximity to the alar sheets, 

however these occur in close association with basal appendage microtubule transport processes. The 

full role, structure and function of the alar sheet complexes remains unknown, although they are 

known to be composed of the proteins ODF1, ODF2, CEP164 and CCDC123/CEP123 (Appendix I). 

CEP123 associated with CEP164 [1110], which in turn associates with CEP170 [293] and HYLS1 

[70]. 

Materials entering the cilium must pass the alar sheets, by active or passive transport 

mechanisms into the axoneme. A ‘ciliary gate’ gap of 60 nm is reported [65] around the transition 
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zone, which allows for active transport into, and out of the cilium, regulated from the basal body 

(Figure 3.29). It is not clear if this precludes vesicle transport. Lin et al., (2013) [327] established that 

the interior of the cilium was accessible to proteins as large as 7.9 nm, through the base of the cilium, 

while low molecular weight dextrans (<40 kDa) have been shown to be able to enter the cilium [68], 

although information about the shape of these molecules was not reported. 

A number of proteins have been located within the transition zone [55, 70, 302, 1111] where 

they are believed to contribute to ciliary gating, ciliogenesis [65] as well as membrane composition 

[70]. Specific details of their structure and roles have only recently been established [62, 65 70, 1112, 

1113]. Mutations to any of these key proteins within the zone give rise to pathologies ranging from 

lethal embryonic conditions to impaired ciliary function (Figure 4.1) resulting in a spectrum of 

ciliopathies [1, 55, 1114, 1115]. Some of the common ciliopathies have been assigned to a structural 

site of action within the transition zone, illustrated in Figure 4.3. 

 

 

Figure 4.1 The Transition Zone ‘Compartment’: [A] A model of the transition zone located between the basal body and the 
axoneme, where alar sheets tether the basal body to the periciliary membrane, and y-shaped linkers connect the axoneme 

microtubules to the ciliary membrane. The zone is divided into modules which contain distinct components. Reproduced and 

edited from Czarnecki et al., (2012) [55]. [B] Organisation of the Transition Zone Modules are based around protein 

complexes; The NPHP1-4-8 Complex: NPHP1,4 and 8, the MKS/B9 Complex: (B9D1, B9D2, CC2D2A, MKS1, 
KCTD10, TCTN 1, 2 and 3, including trans membrane proteins TMEM17, TMEM67 TMEM216, TMEM231 [1116], 

TMEM237), and the NPHP5-6 Complex: (CEP290 and NPHP5) and the Inversin compartment (NPHP2, 3, NEK8, and 

INV). The vertical height associates complexity of component interactions, while the colour intensity indicates pathology 

complexity, while arrows shows associations between molecules. The horizontal axis indicates dispersal of respective 
complexes from the basal body along the axoneme. Reproduced with permission from Czarnecki et al., (2012) [55], who 

noted the shared elements of the transition compartment in ciliogenesis and disease[70, 1111]. [C] Reviews of five 

ciliopathy proteins: MKS (Meckel-Grueber), JBTS (Joubert syndrome), NPHP (Nephronophthisis), BBS (Bardet-Biedl 

Syndrome) and SLS (Senior-Loken Syndrome). Interactive protein partners included CC2D2A, TMEM216, RPGRIP1L, 

TMEM67, CEP290, NPHP3, SDCCAG8, NPHP1, IQCB1 and NPHP4. Mutation of any of these proteins may generate 

particular aspects of these ciliopathies, which are joined by common lines. Reproduced with permission from Szymanska et 

al., (2012) [65]. The exact functional roles of many of these proteins remains unknown (see Appendix I). 
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4.30 The Centrosome 

The centrosome has been simply but accurately described as a ‘polyfunctional multi-protein 

cell complex’ by Alieva et al., (2008) [120], a structural processing unit for the regulated control of 

cytosolic materials, organelles and cell cycle. During interphase, it acts a cytoskeletal microtubule 

nucleating and organising centre, where the primary cilium functions as a physical extension of the 

basal body, with the proximal centriole subtending it. Components may be broken into three groups: 

structural, either involved in the microtubule structure, or localised with it, centrosomal proteins 

associated with the centrosome and cell cycle, or functional proteins such as transport motors and 

regulatory complexes [120].  

Analysis of the centrosome in Figure 3.32 A-H demonstrates a series of slices detailing the 

microtubule architecture, the pericentriolar matrix, the basal appendages, and the nearby nuclear 

membrane. Surrounding the centrosome are fields of vesicles shown in Figure 3.32 I-L. These are 

interspersed with microtubules, indicating the centrosome as a central organiser of vesicular based 

processes. Modelling of the microtubule based architecture of the basal body, proximal centriole and 

cytosol surrounding them is illustrated in perspective views in Figure 3.33, uniquely including the 

presence of the nucleating microtubule upon the vesicular ‘torus’.  

Figs 3.34 and 3.35 detail further ultrastructural and model views of the relationship of 

centrosomal components. These images contain large amounts of information covering spatial 

components of the centrosome, the tubulin based basal body and the proximal centriole, microtubule 

nucleation and attachment points of the basal appendages and pericentriolar matrix, intermediate 

filaments and fields of vesicles in the process of directed transport, docking and sorting of materials.  

Limitations to interpretation of ultrastructure stem inevitably from the use of a single axis 

tomogram containing a complete cilium for model generation. It is possible to expand into great detail 

on many of the proteins and molecular pathways associated with aspects of the model components of 

the primary cilium, and also the centrosome. These protein components are too numerous to mention 

in this discussion, but some of these are tabulated within the Appendices aiding in linking the 

structural components that have been visualised, with function. Many of these represent speculative 

findings in the literature, and need to be interpreted carefully. However, the focus of this discussion 

must be limited, brief and upon technical aspects resolved in the model, to which function could be 

attributed. The few previously undertaken tomography based modelling studies of centrosomes, have 

focussed upon aspects of centriole structure, pro-centriole formation, microtubule networks and 

nucleation or mitotic processes (see Appendix VI).  
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4.31 The Basal Body 

The microtubule based architecture of the maternal basal body and its subtending proximal 

centriole form the core of the centrosome. These were carefully traced within the tomogram to ensure 

the accuracy of each element. Individual triplet subfibres were depicted as simple intersecting tubes, 

each extruded to represent the microtubule doublets of the axoneme (Figure 3.20). This provided a 

simple basis for modelling all microtubule based components, however it unfortunately constrained 

the presentation of the basal body fine structure. 

The structure of the microtubule triplet unit and its position within the basal body is similar to 

previous basal body studies (Appendix VI). Anderson (1972) [45] and Wilsman et al, (1978) [27] 

produced artistic representations of the basal body triplet architecture. These are visualised in the 

model, with each microtubule triplets ‘left-handed’ polarisation and decreasing angle observed in their 

distal projection along the basal body, detailed in Figs 3.20 and 3.21 J. The microtubule triplet angle 

decreases uniformly along the basal body, where each triplet merges into the doublet of the axoneme, 

retaining a slight left-handed rotation or ‘curl’. The basal body is observed to be slightly wider at its 

centre, giving the appearance of having a ‘barrel’ shaped structure (Figure 3.20), as described by 

previous authors [27, 45] (Appendix VI). 

 

4.32 The Microtubule Triplet Structure  

The model presented in this study did not fully investigate the basal body triplet fine 

structure. This requires higher resolution visualisation, to establish finer details of the whole centriole, 

its longitudinal structure, triplet architecture, and the inter-triplet relationship with their associated 

proteins. Simple investigative microscopy of primary cilia utilising cell culture was used to define the 

basal body subfibres, their inter-linkages and ‘hooks’ (Figure 3.4), but only at a relatively low 

resolution. 

The A-subfibre feet appear to be functional remnants of centriole assembly, which exist only 

within the proximal zone. The A-C-subfibre linkages tether the respective proximal ends of the 

triplets, providing mechanical inter-triplet support to the basal body (Figs 1.8 and 3.4) and disappear 

towards the distal end of the basal body near the termination of the C-subfibres. It is a matter for 

further investigation whether each of the A and A-C subfibre structures are of continuous form like 

the A-B-subfibres, or are represented as individual periodic linkages, as observed within the triplet 

structure by Li et al., (2011) [89]. These connections occur within the luminal environment of the 

cilium, and may function as attachment and regulatory sites upon the inner surface. The longitudinal 

fine unfolding protofilament structure of the C-subfibre has received little attention since being 

described by Wilsman et al., (1983) [88], as its fine ‘hook’ structure gradually disappears distally 

along the cilium. 
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4.33 Luminal Vesicles 

Numerous observations have been made of cilia and basal bodies containing vesicles, ranging 

in diameter from 25 to 150 nm, however they have customarily been regarded as artefacts of fixation 

[95, 1117-1120]. Luminal vesicles observed within the primary cilia of chondrocytes have received 

less attention, despite previous mention in ultrastructural and tomographic investigations [25, 26]. In 

this study, no vesicles were observed within the axoneme of primary cilia. However, the basal bodies 

of three cilia contained vesicles (Figs 3.5 A, B and 3.22), with one distinctly containing three small 

vesicles (Figure 3.5 B).  

Vesicle size ranged from 35 to 50 nm, curiously similar size distributions to the ciliary 

membrane vesicles observed within the matrix (Figure 3.18 for comparison). The single oval shaped 

vesicle contained within the model appeared to be firmly attached to the luminal face of a triplet of 

the basal body, suggesting internal transport may be possible within the lumen (Figure 3.22). The 

vesicle was found to interact with proteinacous materials contained within the lumen. 

Presumably cilia undergo chemical fixation rapidly, so the probability of observing vesicles 

using ciliary transport should be low, due to their relatively short axonemal transit periods. However, 

frequent observations exist of vesicles throughout the cilium, including from within the transition 

zone [25, 26]. The presence of a base plate and central microtubule doublet in motile cilia may hinder 

luminal vesicular transport, although vesicles have been noted in the motile cilia of patients with 

bronchiectasis [1121]. 

In primary cilia, a large intra-luminal zone does not preclude potential vesicular accumulation 

or transport. If these vesicles represent the true structure, and are not artefacts, then it may be 

concluded that they are in fact part of the normal transport processes of moving membrane bound 

materials to and from the cilium. Thus, the lumen of the primary cilium basal body may represent a 

novel conduit between the cilium and the centrosome.  

 

4.34 Basal Luminal Discs and Internal Structures 

Various electron dense structures have been commonly occur within the lumen of centrioles 

of many species. Formations such as the pro-centriole replication ‘cartwheel’ complex [237] 

disappear within the mature centriole [1122, 1123], while other indeterminate structures are 

frequently noted within the lumen [1124], including those termed luminal discs [124, 237, 253, 597, 

1125]. The tomogram has revealed a presence of granular structures spanning the distal ends of both 

the basal body (Figure 3.21) and the proximal centriole (Figs 3.30-3.32). The basal body lumen also 

contains numerous deposits and filaments of unknown electron dense materials, many of which are 

often attached to the triplet faces. 

It is probable that the lumen of the basal body functions as a tightly regulated ‘hangar and 

conduit’ for the storage, modification and signalling of key ciliary and centrosomal components, 

which are protected from the active cytosolic environment by the microtubule triplets. Key proteins 
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involved during pro-centriole biogenesis [237] include the luminally located components of CP110, 

Centrin, CPAP and CEP135, while Centrobin [1126], CEP110, 120, 135 and 192 are known to have 

microtubule associations [120, 122, 237]. The presence of centrosomal RNAs (cnRNA) have been 

reported, however their exact roles and localisation with respect to the basal body are still to be 

determined [1127, 1128]. It is likely that many proteins share both temporal and spatial locations 

around and within the basal body during normal cilium operation and the cell cycle. 

 

4.35 The Basal Appendages  

Within the tomogram, basal appendages appear as extremely heavily stained electron dense 

structures that leave little contrast to their fine structure (spanning Figs 3.23-3.27). Each consists of 

three parts, the basement complex, the appendage arm, and a distal docking complex, with attached 

cytosolic microtubules. The three ‘basement zones’ were found to obliquely span at least three 

microtubule triplets, each consisting of fine porous materials forming a perforated structure. These 

were investigated through volume rendering approaches (Basal Appendage One, Figs 3.23 and 3.24) 

and (Basal Appendage Two, Figure 3.26). Each is attached obliquely to three microtubule triplets, 

comprising of a collection of fine amorphous materials, detailed in Figs 3.24, 3.25 and compared in 

Figure 3.28, sharing a strong similarity in their shape, structure and disposition.  

A ‘hollow’ low density zone is located in the middle of the basement zones, located under the 

appendage arm, which extends perpendicularly outwards, resembling findings by Kunimoto et al., 

(2012) [74]. The arm itself is uniformly extremely electron dense, containing pockets and thorny 

protrusions. The docking complex heads appear as finer spiny complexes, some of which are 

bifurcated (Figure 3.27), and also act as mechanical attachment points for microtubules. Vesicles were 

noted in close proximity to both microtubules and the basal appendage, with one of these being 

physically linked via fine fibres to the anchoring complex, and the nearby basal body (Figs 3.23-3.25).  

The basal appendages may experience loads resulting from the interplay of combined forces 

upon the cilium, and those applied by their anchored cytosolic microtubules. These radiate outward 

from the docking complexes and appear to interact with a number of vesicles and organelles (Figs 

3.25, 3.27 and 3.35). Other microtubules were observed radiating from the centrosome and these may 

function together with intermediate filaments to act as part of a cytoplasmic tensegity network 

required to maintain cellular shape. The possible presence of another basal appendage was identified 

outside the plane of section of the tomogram, indicated by the occurrence of intersecting trajectories 

of cytosolic microtubules within the section (Figure 3.43). If present, this extra appendage could 

easily span triplets 3 to 5 (Figure 3.29), and would provide the cilium with a third additional 

anchoring point. 

Basal appendages are a marker of the formation of the mature basal body, where they act as a 

tethering apparatus for the attachment of cytosolic microtubules (Figs 1.9-1.11), and are ubiquitously 

associated with both motile and primary cilia. Descriptions in the literature of basal appendage 
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structure and relationship to the basal body are multifarious and imaginative. This present study finds 

little evidence to support these, although there exists abundant opportunity for further study. 

The protein components constituting the basal appendages, and which are involved with the 

mechanisms of microtubule nucleation and anchoring within the centrosome are not yet fully 

understood [120]. Some discrete protein members have been identified and their roles are listed in 

Appendix I. Basal appendages are known to contain the proteins Cenexin [1129], Ninein [160], 

CEP170 [1130], CEP110 and ε-tubulin [1131], although there are undoubtedly many more awaiting 

discovery. The basal appendage anchoring head complexes are believed to be comprised of Cenexin, 

Centriolin, CEP170 and ε-tubulin [120], where Ninein may also act as a molecular link for anchoring 

of γ-TuRC complexes in the centrosome [160, 198]. It is believed CEP192 may act as a scaffold for γ-

TuRC microtubule nucleation, while NEDD-1 (GCP-WD) is required for γ-TuRC complex 

centrosomal localisation and binding [1132]. CG-NAP and Pericentrin are believed to play roles in 

anchoring nucleation sites within the centrosome. Centrosomin is known to interact with γ-tubulin 

[1133], while Pericentrin provides a physical scaffold that interacts with GCP2 and the γ-tubulin 

nucleating component [1134, 1135]. BBS4 functions as a critical adaptor link between PCM-1 and 

p150
Glued

, and also influences microtubule attachment [120]. IFT-complex motor KIF3A recruits 

Dynactin (p150
Glued

) to organise the appendages, where depletion of p150
Glued

 results in loss of KIF3A 

and Ninein giving rise to ciliary dysfunction [523]. Striated parallel bandings are sometimes reported 

decorating basal appendage arms [1120], however their composition remains unknown.  

 

4.36 The Proximal Centriole 

Naming conventions for the proximal centriole as a ‘daughter’ centriole (with respect to the 

‘mother’ basal body) have resulted in much confusion, with centriole replication pro-centrioles being 

referred to as ‘daughter centrioles’. The centrioles of the diplosome exhibit dynamic spatial and 

separation inter-relationships throughout the cell cycle [236]. The proximal centriole was only 

partially contained within the tomography section, resulting in an open ‘cusp’ like appearance in 

model projections (Figs 3.30-3.32) revealing the triplet architecture is similar to the basal body in 

structure, handedness and polarisation [64, 94]. However, a notable exception is the absence of the 

gentle distal straightening of the triplet angle during their projection, as in the basal body. It is 

oriented in the positive microtubule direction away from the axis of the basal body at 135°. 

Importantly, it is devoid of any alar-sheets, subdistal fibres or basal appendages, and lacks 

microtubules attached to or nucleating from its surface.  

Dense areas of heavy stain decorate materials upon both the external and luminal surfaces of 

the proximal centriole, indicating a substantial collection of proteins. A series of dense luminal disc-

like accumulations was identified spanning the near distal end of the proximal centriole (Figs 3.30-

3.32) in striking similarity to structures contained within the basal body.  
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The proximal centriole closely subtends the basal body within the centrosome, connected to it 

by fine linkages of pericentriolar material connecting their respective proximal ends (detailed in 

Figure 3.34 A and B). The proximal end is in close proximity to a vesicular bud projecting from the 

centrosomal annulus (Figure 3.33). The distal end of the proximal centriole contains proteinaceous 

tendrils linking to the nuclear membrane and to a nearby nuclear pore, one of three in close proximity 

(Figure 3.31). Within the literature, centrioles have been commonly reported associated with the 

nuclear membrane [1002, 1154]. Proteins Ninein, NEK2 and δ-tubulin are known to be localised to 

the proximal ends of the basal body and proximal centriole, while Centrin localises to their respective 

distal ends [120]. The function of the proximal centriole remains elusive, however is a vital 

component of centrosomal dynamics, where its structure appears every bit as intricate as that of the 

basal body. 

 

4.40 Microtubule Populations 

Three distinct cytosolic microtubule populations were observed; those derived from the basal 

body appendages, those from within the centrosome pericentriolar matrix, and those originating from 

within the cytoplasm. The pericentriolar matrix acts as a ‘scaffolding lattice’ for many proteins, as 

well as acting as a nucleating site for microtubule ‘minus’ ends (Figs 1.11, 1.12, 3.35 and 3.36). These 

are spatially distributed within the matrix surrounding the centrosome, where it has been suggested 

that a limited number of nucleation sites exist [124, 135].  

Visualisation of microtubule surfaces in their long axis revealed decorations of fine speckled 

deposits, denser globular structures, and fine tethers linking to vesicles (Figure 3.36). These were 

intimately clustered on microtubules surrounding the basal appendage anchoring heads and the 

centrosome (Figs 3.25 and 3.27). These microtubule-associated materials of unknown function may 

represent directed motor dependent transport processes of the basal body, the centrosome and the 

Golgi apparatus. This raises further questions about the role of the appendage derived microtubules 

within the centrosome, their interactions with organelles, and the regulation of transport motors 

responsible for their many transport and signaling mechanisms. 

Basal Appendage One-derived microtubules were identified extending to the Golgi apparatus, 

associated with vesicle fields of the pre-cis compartment area, and both the cis- and medial-

compartment edges (Figs 3.35, 3.37 and 3.41). It is likely that the terminal ends of the microtubules 

also interact with the Golgi membrane and resident proteins [53]. For example, Hoff et al., (2011) 

[610] has shown that proteins destined for the cilium, such as PC2, may emerge exclusively from the 

cis-Golgi. Microtubule transport of such ciliary derived PC2 can be readily envisaged from the 

components detailed in Figure 3.37 B and D. 

Basal Appendage Two-derived microtubules appear to have a selection of assorted protein 

structures and vesicles associated with them, some in close association with the nearby periciliary 
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membrane. These microtubules display surface variances in staining, and exhibit a number of putative 

motor-associated tethers attached to them, with some linked to nearby vesicles (Figure 3.27).  

A long microtubule originating from Basal Appendage Two transects the centrosome to span 

a field of assorted vesicles (including the torus) bound by the nuclear membrane and the cis-Golgi 

face Figure 3.41). These areas appear to direct trafficking of vesicles into the Golgi cisternae, from 

components of the ERGIC. As Golgi cisternae are also highly dynamic, it is likely that many 

microtubule processes are also involved in interfacing the Golgi with the centrosome in this region.  

A subset of non-basal appendage, centrosome-derived microtubule fields are observed 

running closely parallel to the pre-cis-Golgi face, which appears to be actively involved with a high-

density field of pre-cis face vesicles (Figure 3.37, 3.38 K). Such arrays could easily transit materials 

along the ‘building face’ of the Golgi, and also be involved in the spatial organisation and signalling 

to the apparatus. It is tempting to speculate basal body derived microtubules may exclusively source 

materials from the Golgi as part of their normal centrosome function.  

Microtubules from the basal appendages are intimately associated with Golgi cisternae and 

the pre-Golgi vesicle fields. Centrosome derived microtubules are associated closely together with the 

cis-face, indicating that they are involved with specific aspects of the Golgi. Transport upon these 

may be both spatially refined and restricted, while other centrosome microtubules appear to facilitate 

the bulk transfer of materials from the endoplasmic reticulum to the Golgi. 

 

4.41 The Intermediate Filament Organisation Centre (IFOC) 

Intermediate filaments have been shown to originate within the centrosome from an 

organisation centre within the pericentriolar matrix, surrounding the proximal centriole (observed 

structurally in Figure 3.34 D and E and modelled in Figs 3.35 F, 3.37 B and 3.41), where intermediate 

filaments have long been associated with the centrosome [115, 120, 236]. Examination of the model 

reveals that the intermediate filament network originates in a condensed zone within the centrosome 

surrounding the proximal centriole. This model concurs with observations of Alieva et al., (1992) 

[115], who reported intermediate filaments originating in a zone, with no single focus, contained 

within 0.3 µm of the proximal centriole. Filaments were observed attached by fine linkages to 

materials within the pericentriolar matrix (Figure 3.34 D, E). Some filaments ran in parallel with the 

microtubule network, with one filament originating from near the proximal centriole, radiating into 

the pre-cis-Golgi area (Figure 3.35, 3.37 and 3.41), perhaps indicating a functional relationship. 

As a component of the cellular tensegrity network, intermediate filaments can be deformed 

under strain, and are involved in the dynamic regulation and maintenance of cytoskeletal architecture 

[1136-1139]. Their keratin and vimentin members are known to be associated with the centrosome 

[1136, 1140, 1141], influencing its stability [1142], with vimentin being reported to be necessary for 

the maintenance of the chondrocyte phenotype [139]. De-tyrosinated microtubules reportedly interact 

with vimentin intermediate filaments [1143], while the cytoskeletal protein Plectin mediates their 
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interaction [1144]. The centrosome shares both the microtubule and intermediate filament organising 

centres, each sharing a zone surrounding the basal body and the proximal centriole, where they each 

play an intrinsic regulatory and nano-mechanical role in bearing compressive forces upon the cell. 

 

4.42 Order in the Pericentriolar Matrix  

In the electron microscope, the pericentriolar matrix appears as a zone of finely stained 

filamentous material that surrounds the diplosome, inter-connecting the distal ends of the centrioles 

(Figs 3.32, 3.33 and 3.34). The use of RHT gave an enhancement of contrast deficient in earlier 

studies. The matrix is now revealed to be an intricate lattice, made up of many fine interlinked 

components, dispersed with small electron dense granules. These linkages inter-connect the basal 

body and the proximal centriole, where they also decorate and coat the microtubule triplets. The 

luminal contents of the proximal ends of the basal body and the proximal centriole also merge into 

this matrix, which permeates around the diplosome. The lattice extends outwards to interact with a 

variety of nearby objects, including microtubules, intermediate filaments and vesicles. It is 

constrained by the presence of the vesicular centrosomal torus, to which it also binds (Figure 3.34 C). 

No striated rootlets or inter-centriolar linkers were observed within the tomogram. The known protein 

components of the centriole anchoring complexes are tabulated in Appendix I (see Centriole 

Anchoring Complexes).  

Two distinct PCM domains appear to exist surrounding the diplosome: a near zone that is 

reported to be based upon pericentrin-like-protein fibrils aligned with the centriole wall, and a larger 

extended zone linking to the larger pericentriolar-centrosomal matrix [122]. Materials accumulated 

upon the microtubule triplets have been proposed to have both higher order structures and functions 

[464]. The PCM contains PCM-1, which interacts with a wide range of proteins as well as with the γ-

TuRC nucleation complex [128, 138, 459]. The PCM acts as nucleation site for microtubules, and 

tethers centrioles [126], as well as containing key proteins involved in the cell cycle [134], cell 

regulation, ciliary formation and regulation [62]. The role of the PCM in supporting interphase 

function is less well known [128, 466, 1126] where it varies during the cell cycle [112, 128].  

Recent visualisation of numerous key centrosomal proteins during interphase by high 

resolution three dimensional microscopy has revealed the detailed organisation of many of these 

proteins within a highly organised ‘PCM tube’ and lattice, which are confined in spatial layers 

surrounding the basal body [104, 122, 464]. The relationship of this centrosomal matrix to the 

vesicular torus described in this study remains unknown. 

 

4.43 The Centrosomal ‘Torus’ 

This study has identified a unique vesicular annular structure surrounding the centrosome that 

has not been previously described. It occupies an orbital volume (torus) between the proximal and 

distal centrioles, spanning an intermediate position in association with vesicle fields of the pre cis-
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Golgi to the endoplasmic reticulum. Smaller vesicles are involved with the end zones surrounding the 

annulus, and with the nearby microtubule transport conduits around the basal appendages (Figure 

3.33, 3.35 and 3.41). The Golgi associated end of the annulus was found to have small budding 

membrane protrusions associated with a vesicle fields and a nearby larger vesicle that is tethered to 

the surface by a series of fine connections (Figure 3.33 D). Centrally, the membrane is near to a 

microtubule derived from basal appendage two (Figure 3.33 A), which also interacts with the distant 

Golgi vesicle field Figure (3.35 F). The pericentriolar matrix of the basal body interacts closely with 

the membrane surface (Figs 3.33, 3.34 B and C), while nearby on the lateral side a membrane 

protrusion is juxtaposed to a number of electron-dense accumulations on the end of the proximal 

centriole, in association with two small vesicles. Opposed at 180°, the annulus was found to contain a 

microtubule-nucleating site that is closely associated with smaller vesicles and electron dense 

materials (Figure 3.35 F). The presence of smaller vesicles in close proximity to both centrioles is 

novel, and offers a possible source for explaining translocation to the basal body. 

The close proximity of such a large vesicle engaged closely with the centrosome and 

centrioles raises questions as to its function, however the transport of larger vesicles by the 

microtubule network is common [1145]. It may function in part as a novel pericentriolar matrix 

protein trafficking network of the centrosome. Curiously, Wang et al., (2009) [1116] noted a novel 

pericentriolar compartment enriched with ceramide that was located at the base of the primary cilium, 

whose transport was associated with the cis-Golgi. Equally, it may be an extension of the ‘ER to 

Golgi intermediate compartment’ (ERGIC), whose defined role between the endoplasmic reticulum 

and Golgi has so far remained elusive [520, 1147, 1148]. Uniquely, it shares a physical location, 

shape and most likely interacts with the ‘PCM tube’, which is an ordered tubular pericentriolar matrix 

accumulation of specific materials and protein species required for centrosomal function [122, 129]. 

Thus, the torus represents a unique, but likely temporary structure, which serves to function as an 

interface with the pericentriolar matrix of the centrosome and the Golgi. 

 

4.44 Nuclear Pores 

Nuclear pores act as conduits for the transfer of RNA, and also for signalling proteins 

shuttling between the nucleus, the cytoplasm and the centrosome [141, 1149, 1150], which are known 

to be involved in the regulation of gene expression [1149, 1152]. Within the model, the centrosome, 

and in particular the proximal centriole, are positioned in close proximity to several nuclear pores, and 

protein based tendrils are observed to connect the distal end of the proximal centriole to the nuclear 

membrane, and nearby nuclear pores (Figure 3.31 and 3.32). The association of centrioles with the 

nuclear membrane has been previously reported [1001, 1150, 1503], where Bolhy et al., (2011) [1154] 

described the attachment of the centrosome to the nuclear membrane via Nup133-dependent 

anchoring. A vesicle cluster is located in the model near a nuclear pore, upon the periphery of 

pericentriolar matrix and proximal centriole (Figure 3.35 C and F). The significance of such 
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relationships remains unknown. Burakov et al., (2013) [1150] reviewed centrosome positioning and 

mechanisms of attachment to the nucleus, mediated by SUN-1 and ZYG-12 [1155]. The close 

presence of the centrosome to the nucleus with respect to signalling, transcription and cellular 

regulation are intriguing and suggestive.  

 

4.50 The Golgi Apparatus  

Current concepts of Golgi structure and organisation have been derived from conventional 

electron microscopy studies [724], with images similar in appearance to optical sections visualised in 

Figure 3.37. The Golgi apparatus is the central organelle of the secretory pathway, which receives its 

materials from the endoplasmic reticulum. It contains the classical description of flattened cisternae, 

of cis, medial and trans-compartments [691] (Figure 3.38). The cis-cisternae contain large 

fenestrations, some significant branching and a small number of COP-like vesicles around the 

periphery (Figure 3.37). The medial-compartment is tightly layered, containing finer fenestrations, a 

marked discontinuity running across the compartment and fewer peripheral COP-like vesicles. Fine 

tubules, 30-40 nm in diameter, were noted connecting cisternae, which are reportedly triggered by 

secretory traffic [729, 1156]. The trans-cisternae are composed of larger compartments, with a 

number of ‘exit faces’, with defined fields of COP-like vesicles appearing to bud and emanating from 

the faces. Occasionally, fine electron dense material was noted within compartments of the Golgi 

cisternae, however no collagen-like precursors were observed within the Golgi network. The trans-

Golgi face was observed to be adjacent to larger vesicular granules and tubular structures, where it is 

presumed that cargoes were being sorted for their respective destinations and secretion (Figure 3.41). 

Utilisation of tomography has resolved many of the aspects of fine form and understanding of 

the Golgi between species (Appendix VI). Recent electron tomography studies examining the three-

dimensional architecture using dual-axis tomography (Ladinsky et al., (1994) [1157], Marsh et al., 

(2001, 2005) [1158, 714]) revealed detail of highly complex, yet conserved structures. These and 

others revealed the close relationship between the cytoskeleton and the Golgi apparatus, and also 

raised questions about the exact nature of how the Golgi processes materials.  

 

4.51 The trans-Golgi Network 

The trans-Golgi network is an inter-connected arrangement of vesicles and membrane 

compartments associated with the trans-face of the Golgi, and is an area where vesicles containing 

proteins are sorted and then shipped to their intended destinations [691, 1159-1161]. It was originally 

defined as a ‘specialised organelle’ on the trans-side of the Golgi stack that is responsible for the 

routing of proteins to lysosomes, secretory vesicles, from the Golgi to the plasma membrane [1162]. 

Novikoff (1964) [1163] described the ‘Golgi-Endoplasmic Reticulum-Lysosome’ (GERL) hypothesis, 

which he used to describe structures related to the Golgi saccule, which is part of the endoplasmic 

reticulum and trans-Golgi, and which form lysosomes. 
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Post-translationally modified materials are transported into the trans-Golgi, and then 

organised for their respective directed secretion [1159]. A large cylindrical tubular process was 

located in parallel with the face of the trans-Golgi, being surrounded by a cluster of COP-like vesicles 

(Figure 3.39 C). It is not known if this represents a migrating trans-Golgi fragment, or a ‘trans-Golgi 

tubule’ (Figure 3.42), or if it is part of the trans-tubular network, described by Clermont et al., (1995) 

[1161]. It most likely represents a process of the trans-Golgi network tubule in the process of being 

shed [1159]. 

Microtubules were modelled associated with presumed active transport to the plasma and 

periciliary membrane from locations close to the trans-Golgi face (Figure 3.37), demonstrating a role 

for the Golgi as a MTOC [646]. These were observed apparently undergoing active transport, with 

some vesicles in close contact and others merging with the plasma membrane, indicative of secretory 

processes being undertaken (Figure 3.39 E). Examination of individual vesicle membranes revealed 

the presence of electron dense coatings (Figure 3.39 F) indicative of membrane mediated processes. 

The occurrence of vesicles packed with densely stained ‘matrix granule-like precursor materials’ were 

identified predominantly associated with the trans-Golgi network. These were similar in nature to the 

extracellular granules, but were contained within their compartments at a higher packing density than 

the extracellular matrix granule network (Figure 3.39 A, A’, B and D).  

The matrix-granule-containing vesicles were easily recognised by their contents, with the 

largest storage granule being of appreciable diameter (600 nm), comparable with the nearby Golgi 

stack (Figure 3.42). This vesicle is closely surrounded by a number of trans-Golgi derived vesicles, 

and was observed apparently undergoing active transfer processes in close proximity to a long tubular 

structure, assumed to be part of the endosomal system. The distal end of the tube was closely 

associated with active receptor mediated coated pit processes.  

Novikoff (1976) [1164] described the biochemical and cytochemical processes of the 

endoplasmic reticulum for the formation of melanosomes and lysosomes, for the metabolism and 

secretion of materials for various systems and association with the trans-Golgi. Marsh (2005) [714] 

described these processes as being analogous to a ‘distillation tower’, in which cisternae of the trans-

Golgi are sorted with their ‘refined fractions’ for further distribution. In the model, the trans-faces 

appear to be residual fragments of the trans-Golgi stack (Figs 3.37 and 3.41). Clermont at al. (1995) 

[1161] discussed differences in trans-Golgi network structures, which were found to vary extensively 

in size and shape between species. Furthermore, Ladinsky et al., (1999) [727] reported an association 

of the endoplasmic reticulum with the trans-face, suggesting that localised post-processing was also 

occurring. A full picture of the Golgi apparatus is certain to be complicated, as it has been found that 

Golgi and trans-Golgi components are not permanent structures, but dynamically changeable, and 

continuously undergoing breakdown and renewal [721].  
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4.52 Coated Pits and Caveoli 

A number of coated pits were observed to occur clustered within a zone of the plasma 

membrane, in close proximity to the ciliary tip (Figure 3.40). Such relationships have previously been 

reported [26], however this is the first functional tomography model of receptor-mediated coated pits 

to clearly show the mediated endocytosis of matrix material in proximity of the cilium. Included is a 

nearby membrane process in the early stages of initiating pit formation. Endocytosed ‘coated pit’ 

materials accumulate within endosomes, en route to the Golgi [1165], where they engage with 

processes of the trans-Golgi, and its associated network [1166]. Sorting occurs within the early and 

late endosomal systems that display a tubular morphology and close trans-Golgi network association 

[1167] (Figure 3.42).  

The mechanisms of clathrin coating, vesicle budding and fusion have been described [702, 

1168], while the processes of endosomal sorting and retrograde transport to the trans-Golgi have been 

reviewed by Bonifacino et al., (2006) [1000]. 

Caveolae were identified in the model in proximity to the field of coated pits, consisting of 

fine finger like indentation into the cell membrane (Figure 3.40 E). Wolfgang et al., (1999) [1169] 

identified numerous caveoli-like invaginations along the plasmalemmal membrane of chondrocytes 

[1170], where they have been described functionally as trans-endothelial channels [1171], however 

their functional importance remains to be determined. 

 

4.53 Are Primary Cilia Both Displacement Detectors and Pressure Sensors? 

Recent research has clearly identified the role of primary cilia as receptors for a raft of 

specialised modalities, transducing external stimuli, into internal information, and enabling an 

appropriate response. The primary cilium of the chondrocyte is embedded distally in the surrounding 

matrix, and thus almost certainly distorts under applied for to that matrix. The level of distortion 

required to trigger transduction remains uncertain.  

Attachment of the matrix to the ciliary membrane may physically trigger membrane receptors, 

raising the issue of the threshold of displacement required for transduction (Figure 3.43). The three-

dimensional nanoscopic nature of this matrix may possess a novel property of being a negative 

Poisson material, offering interesting material and mechanical properties [1172, 1173]. This arises due 

to the semi-crystalline properties of a regular three-dimensional ‘mesh-like’ material, which may 

possibly be similar to the matrix structures making up the zone of the ‘ciliary pit’. 

Bell [1174] raised the interesting example of ciliated cochlea hair cells detecting sound 

pressure and displacement, but it remains subject to further investigation to see if the difference in 

properties between the fluid of the pit and the surrounding medium enables efficient pressure 

detection. This may partially help resolve the concept of the cilium as being both a deflection and 

pressure sensor within the matrix [1175]. It also allows the cilium flexibility of movement and permits 

chemotactic signalling by enabling the migration of solutes and ligands [455]. 
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4.54 Matrix-Cilium-Golgi Continuum in Chondrocytes 

Cilia function as highly specialised sensors, where the targeting, functionality of specific 

receptors upon the cilium and their pathways are usually specific to cell type, and sensory 

requirements [352, 1176, 1177]. For example, chondrocyte primary cilia are specialised for the 

detection of applied force. Ciliary membrane integrin-matrix receptors allow the physical coupling of 

external matrix forces to the ciliary membrane, which contains receptors that allow for signal 

transduction. The application of larger forces induces extreme deflection of the membrane and 

axonemal microtubules, which translates through the basal body to the cytoskeletal network, which 

dissipates the load via complex cytoskeletal tensegrity interactions. The cilium acts as a specialist 

conduit where intra-ciliary transport maintains and adaptively services physiochemical-signalling 

components. It is possible signalling pathways within the cilium possibly function similar to a ‘phase-

locked-loop’ for the adaptive amplification of both discrete and continuous signals, tailoring the 

physical properties and sensory detection capacity of the cilium to discriminate and adaptively 

respond effectively to weak environmental signals. The results in an appropriate response such as 

directed growth through matrix secretion and deposition. The refined perspective available with 

tomography and advanced image reconstruction software reveals a structural relationship between the 

mechanically functional extracellular matrix, the primary cilium, the centrosome, and the Golgi 

apparatus. This unique relationship is proposed to be responsible for maintenance of cartilage matrix 

integrity, which occurs independently of the physiological activity of the rest of the body. 

 

4.60 Modelling the Primary Cilium 

This thesis aimed to investigate the structural continuum between the extracellular matrix and 

the primary cilium using electron tomography. The ability of hyaline cartilage connective tissue to 

absorb, re-distribute and transmit compressive and shear forces to the subchondral bone renders it an 

ideal functional tissue in which to investigate the mechanical relationship between the matrix, the 

primary cilium, and the Golgi apparatus. This study is the first to generate and characterise an 

anatomically accurate three dimensional ultrastructural tomographic model of an in situ interphase 

chondrocyte primary cilium in relation to the extracellular matrix, the centrosome, and the Golgi 

apparatus. The ability to interrogate an anatomically accurate model allows investigation of the 

architecture of the primary cilium and its relationship with other cellular organelles in a detail that has 

not been previously available through conventional studies.  

 The cilium architecture shows remarkable consistency with previous ultrastructural 

investigations of chondrocyte primary cilia [27]. Many aspects of the centrosome, microtubule 

networks, and the Golgi conform to findings of previous investigators tomographical findings 

(Appendix VI). While single axis reconstruction resolution was limited, the contrast and staining from 

Ruthenium Red treatment allowed identification of much finer structural features and their physical 

relationship than had previously been obtained.  
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This model clearly demonstrates the existence of a structural continuum between the primary 

cilium and the centrosome, allowing for the detection, conduction and translation of biomechanical 

signals. The Golgi apparatus lies in close proximity to the centrosome, which intimately interacts with 

its microtubules, their cargoes, and vesicle fields. Central to the premise of a functional continuum is 

the cilium’s role in detecting and transducing extracellular information to the centrosome, which then 

regulates not only the cytoskeleton, but is also believed to be responsible for polarising the Golgi for 

the regulated, directed secretion of matrix materials to maintain the local microenvironment.  

In the process of curiosity led investigation and modelling of the cilium, a great number of 

new questions arise about the many processes, which govern its nano-biomechanical function, its 

sensory role within the cell and its highly conserved evolutionary history. While it is difficult to 

conclusively infer function from structure alone, a mounting body of literature has been reviewed to 

complement the interpretation offered in this thesis. These publications are selectively tabulated 

within the Appendices, and provide a basis for the interpretation of many of the biochemical networks 

responsible for regulating the cilium, the centrosome, and the intracellular response pathways for 

directed organelle regulation and vesicle transport. The model structure thus provides a scaffold on 

which function may be superimposed. 

In consequence, the primary cilium is becoming the focus of interest in understanding of a 

wide spectrum of developmental maladies and common inherited genetic diseases. These may include 

milder pathologies ranging from satiety, obesity, and depression, to age related changes in connective 

tissues such as cartilage, necessitating joint replacement [1, 920, 1177, 1178].  

 

4.7 Future Work 

Further electron microscopy based investigation relies upon the ability to find candidate cilia, 

as the detection rate for in situ sectioning remains low. It has been demonstrated that in vitro 

techniques viably increase cilia numbers, at the expense of loss of their native environment. Further 

investigation requires more advanced electron microscopy techniques for improved imaging 

resolution. These may be further complemented with discrete studies focussed upon anatomical areas 

of interest that would provide higher levels of molecular detail. As microscopy imaging resolving 

power increases, individual molecules will become visible, however full understanding of the 

molecular properties of these ciliary constituents will only be elicited through understanding the 

quantum mechanical interactions of the many protein based components that govern their function.  

The role of quantum physics in biology is necessary for an understanding the function and 

structure of many molecular machines, ranging from receptors to transport motors [757, 1179-1181]. 

The study of nanoscale biological materials, their interactions, and structures under 200 nm in size are 

governed by the influences of quantum mechanical effects. These affect a host of small-scale 

interactions from molecules, influencing many processes through evolution [757, 1179]. Many 
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structures and microtubule motors discussed within this study are nanoscale machines, where 

understanding of their structure will elicit insights into their functional properties. 

Further insights into understanding of the three dimensional ‘centrosomal processing unit’ of 

the cell, its proteins and control hierarchy may have a myriad of applications. Marriage of 

biochemistry with ultrastructure can lead to new understandings of the aetiology of diseases and the 

opportunity to develop novel mechanisms of treatment. 
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Appendix I: Receptors and Signalling in the Cilium and Centrosome 

 
1.1 Membrane Receptors, Luminal Components and Signalling Pathways 

 
Membrane Associated 

Protein/Matrix Receptor 
 

Interaction, Localisation and 
Signalling Cascade 

Disease Implication / Ancillary 
Information 

Integrins  
  α2-integrin[1] 
  α3-integrin[1, 2] 
  α5-integrin[1, 2] 
  β1-integrin[1, 2, 3] 

 

Receptors which mediate attachment between the 
extracellular matrix and the cell membrane. Integrins 
bind ECM components of Collagen, Fibronectin, 
Laminin and Vitronectin[4] as part of the 
mechanosensory transduction process. β1-integrin 
potentiates Fibronectin-induced Ca

2+
 signalling 

through the primary cilium[3], while McGlashan et al., 
(2006)[200] observed the presence of α2, α3, β1-
integrins and NG2 (but not CD44 and Annexin V) on 
chondrocyte primary cilia[1]. β1-integrins are involved 
in inter-connecting stereocilia[2]. It has been 
proposed by Praetorius et al., (2004)[3] that in MDCK 
cells β1-integrin is involved in ciliary 
mechanotransduction through fibronectin and was 
found localised to primary cilia in collecting ducts and 
proximal tubules and ascending limbs. β1, α3 and 
possibly α5-integrins were found localised to MDCK 
primary cilia[3]. 

Loss of α8-β1 integrin results in 
hearing loss in murines[1]. 
 
β1-integrins potentiate fluid flow 
sensing in endothelial cell primary 
cilia[3]. 
 
α3, α5, and β1-integrins are found 
upon primary cilia in Madin-Darby 
Canine Kidney cells[3]. 
 
α1, α5β1, and αvβ5 integrins 
mediate chondrocyte adhesion to 
cartilage[5]. 

NG2/CSP4 
Neuron-Glial Antigen-2 
(NG2) chondroitin sulphate 
proteoglycan-4 
 

Interacts with Galectin-3, and α3β1 integrin (forming 
a membrane complex)[6] in which the PDZ binding 
terminus motif binds to the seventh PDZ domain of 
GRIP1 in progenitor cells[7], and mediates activity of 
β1-integrins[8].  

Involved in cell matrix interactions 
in tumour metastasis[9] 

Tubby/TUB-1 TUB-1 is involved in ciliary transport[10,11]. Associated with obesity, life span 
and fat storage[10, 11]. 

TULP(Tulp1–Tulp4) 
 
Tubby-Like Proteins 

TULP1 and TULP2 are expressed in the retina[12, 13], 
TULP3 bridges between the IFT complex and 
membrane. IFT-A directs TULP3 entry into the cilium 
with TULP3 promoting the transport of G-proteins 
(GPCRs), but not Smo[14]. Also involved in the 
negative regulation of Shh and in neural tube 
defects[14]. TULP1 interacts with F-Actin in 
photoreceptors, on the inner segments, on the 
connecting cilium and the outer membrane[15]. 

Involved in tissue development 
and patterning. 

Sec6(EXCO3)/Sec8(EXCO4) SEC6/SEC8 complex localises to the primary 
cilium[16], where SEC6 inhibits ciliary shedding and 
blocks down regulation of Claudin-2 and 
GP135/CNTN1. Needed for de-ciliation[17].  

See the Exocyst and Septins. 

SEC10(EXO5) 
 
SEC15(EXO6) 

The small GTPase CDC42 interacts with Sec10[18]; is 
required for primary ciliogenesis and cystogenesis[18, 
19]. Localises on the primary cilium[18]. Sec15 is a 
Rab11 effector which interacts with Rab8 and 
Rabin8[20-22]. 

See the Exocyst.  
SEC10 is involved in 
ciliogenesis[23]. Interacts with 
PC2 where knock down causes 
PKD phenotypes[24]. 

Cystin Membrane associated protein which localises to the 
cilium via micro-domains[25, 26].  

Involved with Polycystic Kidney 
Disease[26]. 

Napa 
 

N-ethylmaleimide-sensitive factor attachment protein. 
Interacts with SNARE protein SNAP23 (vesicle 
fusion)[27]. Involved with vesicle docking and 
adhesion[28]. 

 

Tie-1/Tie-2 Expressed upon primary cilium[29]. Usually expressed 
as a cell surface marker, where TIE1 up-regulates E-
Selectin, ICAM-1 and VCAM-1 through a p38 
mediated process[30]. Involved in atherosclerosis in 
response to atherogenic shear-stress[31].  

Associated with angiogenic 
factors. Tie-2 is the Angiopoietin 
receptor[32]. 

Somatostatin Receptors G-coupling receptors[33]. SSTR3 is coupled into The roles of Receptors 1-5 are not 
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(SSTR1/SSTR2/SSTR3) 
 
 

regulation of hippocampal type 3 adenylyl-cyclase 
(AC3) in the cilium[34-37]; required for a number of 
neurological processes[38, 39]. SSTR1 and SSTR2 
localise to retina in rats[40]. SSTR3 contains ciliary 
localisation sequences and is found in the primary 
cilium[36]. Somatostatin receptors in neuronal cilia 
are critical for object recognition learning[38] and in 
pancreatic islets for insulin and GH release through 
SSTRS1 and SSTRS5[35]. Ciliary targeting of 
somatostatin receptor is mediated by the 
BBSome[41]. 

fully known.  

5-Ht6(Serotonin) Receptor A G-protein–coupled receptor (GPCR), the Serotonin 
neurotransmitter receptor. Involved in ciliary driven 
motion through acetylcholine release[42]. Contains a 
ciliary localisation sequence[36]. Found localised to 
the membrane of neuronal cilia[32, 43]. 

Involved in a large number of 
biological processes and 
pathways. 

EGFR 
Epidermal Growth Factor 
Receptor (EGFR) 

Involved with PKD2 and localises to the cilium[44, 45]. 
EGFR is involved in a large number of interactions and 
signalling cascades.  

 

IGFR Activated noncanonical Gβγ pathway regulating G1-S-
phase cell cycle progression[46]. 

 

PDGFR 
 
Platelet Derived Growth 
Factor (PDGFR)- α 

Activates AKT and MEK1/2-ERK1/2 pathways. Mek1/2 
is phosphorylated in the primary cilium and basal 
body[47]. Localises to the primary cilium[47]. NHE1 
Na

+
/H

+
 ion exchanger is required for directional cell 

migration through PDGERR-α in the primary 
cilium[48].  

PDGF/VEGF-signalling 
transduction pathways localise to 
the primary cilium[49]. 
 

PDGFA/PDGFB/PDGFC 
(Ligands) 

PDGF/VEGF family growth factors. PDGFA and PDGFC 
may function as a ligands for PDGFR-α[50] PDGF-C 
interacts with PDGFR-α[51]. Associated with receptors 
found upon the ciliary membrane (see above). 

PDGFC only recently identified 
with PDGFA and PDGFB. Maybe a 
pathway in Palatogenesis[50]. 

MEK1/2 MEK1/2 is phosphorylated in the cilium at the basal 
body[47].  

Involved in cancers[52]. 

   

Signal Transduction   

CAMLG 
(Calcium signal-modulating 
cyclophilin ligand) 

Interacts with fibrocystin and involved in calcium 
signalling. Interacts with fibrocystin and localizes to 
the primary cilium[53]. 

 

STAT6 
Signal Transducer and 
Activator of Transcription-
6. 

Involved in transcription control and in ciliary 
mechanosensing with Polycystin-1, and P100[54, 55]. 
Interacts with the transcription activator, the CREB-
binding protein[56]. 

Interaction partners include many 
downstream proteins and 
pathways. 

LKB1 
(Serine-Threonine Kinase) 

Localised to the cilium. Involved in activating the 
MTORC1 pathway and in cell size regulation[57].  

Tumour-suppressor protein. 

Purinergic P2 Receptors 
 
(P2) 

ATP Activated Purinergic ATP Receptors (P2) are 
divided into two Families; P2X(1-7) which gate cations 
and P2Y(1-4,5, 11-14) which are G-coupled protein 
nucleotide receptors (GCPRs) for signal 
transduction[58, 59]. P2X receptors are heterodimeric 
cation ligand-gated channels which bind extracellular 
ATP and contain extracellular and membrane 
spanning domains within their structures[60-63]. P2Y 
receptors are involved in downstream signalling 
cascades[64]. P2 channels are involved in flow sensing 
in renal cilia[64]. The primary cilium appears to be 
necessary for flow-mediated release of ATP[65]. 
Cholangiocyte primary cilia detect biliary nuclides via 
the P2Y12 purinergic receptor[66]. 

There is cross talk between P1 and 
P2 receptor complexes[67]. 
There is some evidence for P 
family receptor complexes may be 
on the cilium[68]. P2X channels 
are susceptible to influence from 
cations[59] and can exhibit cross 
talk with other receptor types[58]. 
 
 

Connexin-43 
Mechanosensitive ATP-
release channel 

Engages with lipid-raft membrane domains, known to 
interact with Caveolin-1 and -2[69], found in gap 
junctions[70, 71]. Tight junction protein ZO-1 is 
associated with Connexin-43 and also localises with α 

Involved with atherosclerotic 
plaques[73].  
Articular chondrocyte cilia express 
Connexin 43 hemichannels and P2 
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and β-tubulin)[72]. Connexin-43 forms hemi-channels 
expressed in the primary cilium[68] where mechanical 
forces trigger ATP release. Expressed in the upper 200 
microns of articular cartilage by connective tissue 
primary cilia[68]. 

receptors[68]. 
Changes in pressure on astrocytes 
vary the expression and 
phosphorylation of Connexin-
43[74]. 

Rhodopsin (GPCR) Fusion of Rhodopsin transport carriers to retinal 
photoreceptors is achieved via Ezrin and Rac2 
phosphoinositides[75]. Syntaxin and SNAP-25 are 
involved with Rhodopsin transport carriers[76] 
derived from the trans-Golgi-Network, and are 
vectored by a ciliary-targeting complex, regulated by 
ARF4 and RAB11[75, 77].  

Syntaxin-3 and SNAP-25 are 
regulated by omega-3 
docosahexaenoic acid, deliver 
rhodopsin for the ciliary 
biogenesis of rod outer 
segments[76]. 
 

FA2P NIMA-related kinase. Localises to the proximal ends 
of the centrioles[78]. Role in axoneme deflagellation 
and in cell cycle[79]. 

 

ß-Arrestins (GPCR) 
 
(ß-arr1 & ß-arr2) 
 

Versatile adapter proteins which bind GPCR 
proteins[80], where they act as scaffolds and 
recruiters for signaling AP2 and Clathrin. It has been 
proposed that β-arrestin-SRC complexes control GPCR 
mediated endocytosis, via ERK1/2, JNK3 and MAP 
kinases[80]. ß-arr2 localises to the primary cilium in 
quiescent cells and the centrosome in cycling 
cells[81]. Arrestin-ß2 was found to co-localise to, and 
interact with 14-3-3 proteins, KIF3A[81] and also 
mediate the localisation of Smo[82]. Smo localisation 
in neuronal precursors has linked Sonic Hedgehog 
signalling to the cell cycle[81, 83].  

Observed upon proximal ends of 
centrioles, associated with 
microtubules[81] and involved in 
signal transduction[84]. 
 
ß-arrestins are responsible for 
regulating membrane bound 
receptors (including the majority 
of GPCRs) and some in the cilium, 
as well as for endocytosis[76, 81]. 

Collectrin/TMEM7  
 
(Trans-membrane 
glycoprotein[186]) 

Localises to the cilium and basal body/pericentriolar 
region where it is involved in transport of vesicles. 
Interacts with and binds γ-actin-myosin-IIA, SNAREs, 
and polycystin-2-polaris complexes[85]. HNF-1β-
targetted collectrin is involved in cell polarity and the 
maintenance of primary cilia in the renal collecting 
ducts, where the silencing of collectrin can result in 
loss of ciliary PKD2[85, 86].  

Angiotensin converting enzyme 
homologue (ACE-2)[85]. 

Septins (2, 7, 9) 
 
Filamentous 
guanine tri-phosphatases 
(GTPases) 

Septins usually act as a diffusion barrier at the base of 
the cilium[87] where SEPT2 forms part of a diffusion 
barrier at the base of the ciliary membrane and is 
required for appropriate signalling[88] as well as 
control of planar cell polarity[89]. Septins 2, 7, 9 and 
microtubule associated protein MAP4 control ciliary 
length[90]. 

Interacts with the Exocyst 
components Sec6/Sec8[91] which 
are required for ciliogenesis[91]. 
 

AVPR2 (Vasopressin) 
 
Arginine Vasopressin 
Receptor 2 (G-protein 
receptor) 

Ciliary localisation with adenylyl cyclase (AC) type 
V/VI[92]. The cilium is required for vasopressin 
mediated transport of Aquaporin-2 (AQP2) in the 
renal collecting duct[93]. AVPR2 interacts with 
Calmodulin (for mediated Ca

2+
 mobilisation[94, 95]. 

Located in the primary cilium[96, 97]. 

Vasopressin Receptor 1A is 
referred as the ‘Altruistic 
gene’[98, 99]. Role in osmo-
regulation, insulin release memory 
and social behavior[100]. 

AQP2(Aquaporin2) Localised along the ciliary shaft[93].  

AP1 
 
(Adaptin) 

Clathrin adaptor protein. Facilitates cilium formation 
and interacts with RAB8 for membrane transport in C. 
elegans[101]. 

 

Bromi 
 
Broad Minded Protein 

Involved in ciliary membrane assembly. Structurally 
links the axoneme to the membrane, interacts with 
IFT and is involved in the cell cycle. Influences 
Hedgehog signalling and membrane localisation of 
Gli2[102].  

 

Fibrocystin (PKHD1)  The fibrocystin tail contains a ciliary targeting 
motif[1103] where it is found concentrated on the 
ciliary membrane and in the basal body area[104-
106]. Undergoes Notch-like signalling (proteolytic 
cleavage of the extracellular domain) and regulated 

Polycystin-2 and PKHD1 
(fibrocystin/polyductin) are found 
localised together on the plasma 
membrane and primary cilium 
membrane in renal epithelia[107].  
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release from the cilium[106] by ADAM (metallo-
proteinase disintegrins) which cleaves the 
extracellular domain. Interacts with Ca

2+
 signalling 

protein CAML[53].  

   

Meckelin Type Meckel and Nephrocystin proteins are involved within 
the transition zone[108]. 

 

MKS1 
 
 
 
 

A regulator of ciliary function[109], where it localises 
to the basal body/transition zone[110] where 
depletion or disruption of MKS1 and MKS3 result in 
ciliary and centrosomal defects[111]. MKS1 and 
Nesprin-2 mediate ciliogenesis via remodeling the 
actin cytoskeleton[112]. Murine models show MKS1 
is required for Sonic-Hedgehog and ciliogenesis[113]. 

MKS1 mutations are associated 
with Meckel syndrome[114] or 
Bardet-Biedel syndrome[115]. 
Wnt signalling is influenced by 
MKS1[116]. 

MKS2/JBTS6/C2CD3 
 
(TMEM216) 

Essential regulator of Sonic Hedgehog (Shh) and 
proteolytic processing of GLI3. Localises to the basal 
body and ciliary membrane for intracellular 
transduction of the Hedgehog signals[117, 118]. Loss 
of TMEM216 function in mutants causes defective 
ciliogensis, centrosomal docking and hyper-activation 
of RhoA and Disheveled[117]. Localises to the base of 
the cilium[117]. 

Mutations cause disruption of 
ciliogenesis[118]. Association with 
Meckel and Joubert 
Syndromes[119]. 

MKS3/TMEM67/JBTS6/ 
 
(Meckelin)  

Putatively localises to ciliary membrane[108, 110, 
112]; involved in centriole migration to the apical 
membrane, and with cilium formation. Requires 
interaction with NPHP-4 for normal ciliogenesis, 
chemo-taxis and ciliary length control, where it 
localises to the axonemal α-tubulin and to the 
membrane[120]. Required for ER protein-C 
degradation (tetraspan protein)[121]. Interacts with 
nesprin for ciliogenesis via remodeling actin[112]. 

Mutations cause loss of centriole 
cohesion and disruption of 
axonemal length regulation. 
 
Interacts with HDAC6 with a 
possible role in ciliary 
stability[122]. 

MKS4/JBTS5/NPHP6 
 
(CEP290) 
 

Involved in the formation of microtubule-to-
membrane linkers in the transition zone where it may 
be involved in ciliary transport[123]. Localises to the 
cilium and centrosome[124] in a cell-cycle dependent 
manner[126]. Interacts with centriolar satellite 
protein PCM1[127], which is required for RAB8 
localisation as PCM-1 has a vital role in the 
microtubule organisation network. Loss of CEP290 
causes loss of the MTOC network and results in 
defects of ciliary biogenesis and protein composition 
of photoreceptors[123-125]. Interacts with RPGR[124] 
and is expressed in all cilia[128, 129]. 

Transition zone membrane to 
microtubule linker[123]. 
 
See Rachel et al., (2012)[124]. 
 
Loss of CEP290 function leads to 
anosmia caused by the selective 
loss of G-proteins in sensory cilia 
and olfactory neurons[130]. 

MKS5/JBTS7/NPHP8 
 

Interacts with NPHP4 and NPHP6[131]; localises to 
basal bodies and the axoneme[132]. 

RPGRIP1L gene is mutated in 
Joubert Syndrome Type-B[132]. 

MKS6 /JST9 
 
(CC2D2A) 

Contains calcium binding domains; localises to the 
transition zone; has involvement in Opsin vesicle 
transport to the outer segments of photoreceptor 
rods and cones. Suggested that it facilitates protein 
transport through the role of RAB8[133]. 

 

MKS7 See NPHP3.  

   

TRPP-Family Transient Receptor Potential Channels  

TRPP1 (PKD1) Polycystin-1 GPCR-activated channel. Polycystin-1 contains large 
extracellular glycoprotein binding domains in the 
ciliary membrane[134-136]. Interacts with Polycystin-
2 (TRPP2[136]) where variations in the amounts of 
Polycystin-1 and 2 regulate pressure sensing[137] and 
is found co-localised on renal cilia[135, 138]. Involved 
in skeleto-genesis through stimulating RUNX2-II[139]. 

PKD1 and PKD2 are ciliary 
mechanosensors. Activated by 
shear stress and flow and 
involved in renal cystic 
disease[135, 137, 138, 140]. 

TRPP2 (PKD2) Polycystin-2 Localises to the primary cilium[141, 142]. Interacts 
with channel TRPC1[143] and PKD1[136]. TRPP2 and 

PKD1 and PKD2 function as ciliary 
mechanosensors (shear stress, 
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TRPC1 assemble to form a GPCR channel involving 
TRPP2 in mechano-sensation and cilium-based Ca

2+
 

signalling[144]. Polycystin-2 interacts with filamin-
A[150] and is also involved in pressure sensing[137, 
145]. Polycystin-2 and TRPV4 form modal sensory 
channel[146]. Functions together with mucolipins 
TRPML[147].  

flow and pressure activated[137]). 
Mutations are associated with 
retinal and renal defects[138, 142, 
147, 149]. Probable mechano-
transductive extracellular matrix-
cell membrane receptor[150]. 

TRPP3/4/5 TRPP3/PKDL2 may be expressed on kinocilia (with the 
role of 4 and 5 being poorly understood)[148]. TRPP3 
/ PKD2L1 functions as a sour taste receptor[151, 152]. 

Inhibited by amiloride[152].  

   

TRPC Family 
 
(Transient Receptor Cation 
Channels) 

Family members interact forming channels. TRPC2 
associates with no known family members; however 
TRPC1 forms channels with TRPC4 and TRPC5, while 
others form homo- or hetero-dimers TRPC4/5 and 
TRPC3/6/7[153].  

 

TRPC1 GPCR-activated channel localised to the ciliary 
membrane in renal epithelial cells[149]. Interacts with 
PKD2[154, 155], TRPC3[156] and TRPC5[156]. TRPP2 
and TRPC1 form a heterotetramer complex[144]. 
Interacts with RhoA[157] TRPP1, IP3, Caveolin-1, and 
PMCA[158, 159].  

Ion channel activated by 
Ca

2+
[159].  

 
Characterised upon the primary 
cilium[134]. 

TRPC2 Interacts with TRPC6 (for erythropoietin control of 
Ca

2+
 flux)[160], with Calmodulin, IP3 and Enkurin[161, 

162].  

 

TRPC3 (Possibly on cilia) Erythropoietin regulated calcium channel[164, 165]. 
Interacts with TRPC1 and TRPC6[153, 166]. 
Erythropoietin controls TRPC3 activation with IP3 and 
PLCγ[165], whilst protein kinase-C can inhibit TRPC3 
channels[166, 167]. 

Pore forming signalling molecule 
involved in vaso-regulation[166]. 
 
TRPC3 and TRPC6 form mechano-
transductive channels[168]. 

 TRPC6 (Possibly on cilia) Suspected upon cilia[160], but not proven.   

   

TRPM-Family  Transient Receptor Potential Mucopolypins  

TRPM1/MCHR1 
 
(Melanin concentrating 
hormone receptor MCHR1)  

Involved in the regulation of feeding and energy 
balance[169, 170]. Required for the depolarised light 
response of retinal cells[171, 172]. Localises to cilia 
and possibly regulates feeding behaviour and body-
weight[169]. 

Possibly involved in satiety, 
obesity[169, 170] and melanoma 
progression[159]. 

TRPM2 (suspected on 
primary cilia) 

Involved in insulin secretion[173] through cyclic ADP-
ribose; Interacts with calmodulin and cADP-ribose 
hydrolase[159]. TRPM2 and TRPC5 detect oxidative 
stress inducing gene expression[176].  

TRP Cation channel, function 
enhanced by hypo-
osmolarity[159]. Involved in 
bipolar disorder[174]. 

TRPM3 (suspected on 
primary cilia) 

Activated by the steroid pregnenolone sulphate and 
Ca

2+
 resulting in insulin release from β-islet cells[177, 

178]. Hypotonic pressure sensor cation channel which 
results in cytoskeletal re-organisation[179]. Potential 
channel for renal Ca

2+
 absorption[159].  

Volume regulated cation 
channel[179]. Potential renal role 
for Ca

2+ 
absorption[159].  

TRPM4 (suspected on 
primary cilia) 

Melastatin-4 is a Ca
2+

-activated non-selective cation 
channel[179-181]. Interacts with calmodulin, 
SUR1[159]. Involved in dendritic cell migration[182].  

Loss involved in increased 
anaphylactic responses[181]. 

TRPM5 Involved in taste sensation and insulin release[183, 
184]. Regulated by PIP2[185]. Expressed on olfactory 
cilia[186]. Regulates mucin secretion in goblet 
cells[187]. 

Impermeable to Ca
2+ 

-/- murines 
cannot detect sweat, bitter or 
umami flavours[159]. 

TRPM6 (suspected on 
primary cilia) 

Expressed on olfactory cilia[186]. Involved in Mg
2+

 
transport[188] and is sensitive to acid pH[159, 189]. 
Interacts with TRPM7[159, 190], and PIP2[190]. 
Inhibited by Ruthenium Red[159].  

Defects involved with 
hypomagnesia[188]. 

TRPM7 (suspected on P 
primary cilia) 

Both an ion channel and a kinase (dependent upon 
intracellular ATP) capable of phosphorylating itself 
and translation factors eEF2 via eEF2-k[191]. Interacts 
with PLCβ1/2/3, PLC-γ, TRMP6[159] and is sensitive to 

Involved in vascular 
hypertension[192]. 
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acid pH[159, 189]. 

TRPM8 (suspected on 
primary cilia) 

Involved in pain response. TRPM8 couples with TRPV1 
and TRPA1 to inhibit their mechano-sensory and 
chemosensory functions[193]. Expressed on olfactory 
cilia[186]. 

 

TRPML3 Similar intracellular localisation to TRPA1; mutations 
result in hearing loss in stereo-cilia[194]. Suspected 
role in cilia ‘membrane to membrane’ inter-
connecting fibres[195]. Interacts with TRPML1 and 
TRPML2[159]. 

pH sensitive channel[186]. 
 
 

   

TRPV-Family (Vanilloid) Transient Receptor Potential Cation Channel   

TRPV1 (suspected on 
primary cilia) 

Thermo-sensitive ion channel. Interactions with 
Calmodulin[196, 197] and tubulin, where TRPV1 C-
terminal preferably binds with β-tubulin and less 
strongly with α-tubulin[198]. Antagonists involved in 
neuropathic pain, and the channel is involved in body 
temperature maintenance[196, 199]. Also involved in 
infra-red detection[200].  

Non selective cation channel in 
nociceptive neurons of PNS and 
CNS. Hypotonicity and stretch 
activated[196]. Implicated in renal 
hypertension[138]. 

TRPV2 (suspected on 
primary cilia) 

Thermo-sensitive ion channel involved in intracellular 
Ca

2+ 
regulation[201]; regulated by insulin in pancreatic 

β-cells[202]. Blocked by Ruthenium Red and 
Lanthanum[159, 202] but activated by probenecid 
and cannabidiol[203]. 

Activated at temperatures T> 
53°C, hypotonicity, and possibily 
stretch[159].  

TRPV3 (suspected on 
primary cilia) 

Thermo-sensitive ion channel. Interacts with TRPV1, 
expressed in skin, keratocytes and brain[148, 204]. 
Inhibited by Ruthenium Red[159]. 

Activated by T>30°C, vanilla and 
camphor type compounds[159]. 

TRPV4 Tyrosine protein ligase Lyn[205] provide a link 
between TRPV4 and the microtubular cytoskeleton in 
mechano-sensation[206]. Binds calmodulin[207]. 
TRPV4 is involved in osmolarity sensing[159]. 
Cholangiocyte primary cilia express TRPV4 and can 
detect changes in tonicity[208]. Interacts with TRPP2 
(PC2)[209], MAP7[210], aquaporin-5[211], 
Calmodulin, and Pacsin3 (inhibits endocytosis)[212] 

Hypotonicity and stretch 
activated, inhibited by Ruthenium 
Red[159, 208, 213]. TRPV4 is an 
osmo-sensitive channel in porcine 
chondrocytes[214]. 

TRPV5 (suspected on 
primary cilia) 

Calcium selective channel, interacts with the Annexin-
2-complex (p11)[215]. Involved in renal calcium re-
absorption[216]. Interacts with TRPV6 and 
RAB11A[159]. Inhibited by Ruthenium Red, Mg

2+
 and 

Pb
2+

[159]. 

Defects cause idiopathic hyper 
calciuria[138, 217]. Constitutively 
active[159]. 

TRPV6 (suspected on 
primary cilia) 

Expression vitamin-D dependent (increased presence 
resulted in increased expression[218, 219]). Interacts 
with TRPV5, Annexin II, and RAB11A (inhibited by 
Ruthenium Red)[159]. 

Role in cancer[219]. 

Other Channels/Receptors   

TRPA1 (suspected on 
primary cilia) 
 
(Transient receptor 
potential ankyrin-1[428]) 

Stress receptor ion channel[220], sensitive to range of 
chemical stimuli[221, 222], involved in pain response 
and hearing[223], blocked by gadolinium, amiloride, 
gentamicin, and Ruthenium Red[159, 223]. Involved 
in infra-red detection[224], mechanical and cold 
sensation[225]. 

Mechano-stress receptor/Ca
2+

 
channel in stereocilia[223, 226].  
Conflicting mechanosensitive 
evidence[183]. 
 

Taurine Transporter 
(SLC6A6) 

Na
+
-dependent taurine transporter is localized to the 

primary cilium. Regulates cell volume, oxidative stress 
and Ca

2+ 
levels[227]. 

 

Note For review of thermo-TRP ion channels see Wu et al., 
(2010)[377]. TRPV1, TRPV2, TRPV3, TRPV4, TRPM2, 
TRPM4, TRPM5, TRPM8, and TRPA1 are thermo 
sensitive TRP channels[228]. 

 

   

Opsin Membrane-bound G-protein receptors[229] which are 
transported via a connecting cilium to the ciliary 
photoreceptor stack[230]. 

Evolutionary functions in the 
brain[231]. 
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ENac (Epithelial Sodium 
Channel)  

Located on some ciliary membranes, permeable to 
Na

+
 ions[232]. Characterised upon primary cilia[233]. 

 

ATP-2 
(ATP synthase) 
 

β-subunit of the ATP synthase interacts with LOV-1 
and is involved in Polycystin-1 (PKD-1) signalling in C. 
elegans[234]. ATP indirectly activates the cilia 
conductance[235]. 

Part of a complex ATP synthesis 
and export system. Extracellular 
ATP drives a number of cilia 
related processes[236]. 

AC3(Adenylate Cyclase-3) Expressed in the primary cilium in hippocampal 
neurons of the central nervous system. Somatostatin 
Receptor-3 SSTR3 is coupled into regulation of AC3. 
Implicated in impaired learning, contextual 
conditioning and memory[39]. Li

+
 increases cilium 

length three fold by inhibiting AC3[237]. 

Implicated in a host of 
neurological conditions. Suggests 
AC3 is involved in regulating 
primary cilia length[237]. 

AC4 (Adenylyl Cyclase-4) Identified on the cilium[66].  

AC6 (Adenylyl Cyclase-6) Involved in mechano-sensing in bone cells. Signal is 
transduced through Adenylate Cyclase-6 and cAMP. 
AC6 localises to the primary cilium, where activation 
from deflection by flow decreases cAMP and 
upregulates COX expression[238].  

 

AC8 (Adenylyl Cyclase-8) Identified in the cilium[66].  

   

Galectins Contain carbohydrate recognising domains specific for 
binding β-galactosides[239, 240]. Gal-3 localises 
exclusively to the primary cilium/centrosome and 
modulates cyst growth[240-242], Gal-7 localises to 
the cilium and modulates renal ciliary length and 
wound repair[243], Gal8 reportedly binds to integrins 
inhibiting cell adhesion and inducing apoptosis[244], 
however is unknown at present in the cilium.  

Mediates the recognition of N-
acetyl-galactosamine-containing 
glycoproteins. Mutation of NEK8 
over-expresses Gal-1, sorcin and 
vimentin and urinary proteins in 
JCK murine renal cysts[240]. 

ARL13B (ADP-ribosylation 
factor-like protein-2-like 
1)/JBTS8 

ARF-Family GTPase ARL13B[245]. Required for 
ciliogenesis and sonic Hedgehog signalling. Interacts 
with membranes and IFT machinery involved in ciliary 
formation and maintenance[245, 246]. Found 
localised at the proximal end of the cilium associated 
with membranes through palmitoylation modification 
regulating trans-membrane proteins localisation and 
anterograde IFT stability[245]. In mutated forms 
(Jouberts), PKD2 is elevated, destabilising 
anterograde IFT[243]. 

Defects in ARL13B result in 
aberrant Shh signalling from 
BMPs and result in neural tube 
defects[247]. 
 
 
 

INPP5E/JBTS1 
phosphatidylinositol-4,5-
bisphosphate5phosphatase 

Peripheral membrane protein which localises to the 
primary cilium and is involved in its formation[248-
250]. ARL13B, PDE6D, and CEP164 form a network for 
INPP5E ciliary targeting[251]. 

Mutations in INPP5E cause 
primary cilium signalling defects 
causing ciliary instability and 
disease[453]. 

TMEM216[/JBTS2 Trans-membrane protein localised to the base of the 
primary where it is proposed to be possibly with RhoA 
and Dishevelled signalling[117]. 

Mutations result in defective 
ciliogenesis[117]. 

AHI1 /JBTS3 Interacts with nephrocytin-1, expressed in cell-cell 
junctions, centrosomes, basal bodies and on primary 
cilia[252]. Colocalises with aquaporin-2.  

Associated with 
Schizophrenia[253] and Joubert 
Syndrome[254]. 

CRMP-2 Localises to the axoneme and basal body in 
fibroblasts. It is also involved with axon formation, 
neurite outgrowth and elongation in neuronal 
cells[255]. 

Involved with GSK-3β. 

Par3 / Par6 / aPKC 
polarity cassette 

The Crumbs-associated Par3/Par6/aPKC polarity 
cassette localises to cilia and regulates 
ciliogenesis[256]. 

 

CRB3 (Crumbs) Localises to cilia of renal epithelia[257]. Crumbs3 
binds importin-β2 regulating ciliogenesis and cell 
divison[257]. 

 

   

Exocyst (EXCO1-8)  A multi-subunit rod-like complex involved in docking 
of post Golgi transport vesicles, membrane re-
modelling, cytoskeletal activation and desmosome 

Components formerly known as 
Sec3(EXCO1), Sec5(EXCO2), 
Sec6(EXCO3), Sec8(EXCO4), 
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assembly[258]. Localises to the primary cilium[16]. 
RAB10 interacts with the primary cilium and 
Exocyst[259] components; Sec15(as an effector of 
Rab11 GTPase[22]), Sec10 (which is vital for 
ciliogenesis[19]) and Sec8 (is involved in binding to 
lipid rafts and vesicles[260]). Sec5 is involved in 
vesicle transport and in tethering vesicles to 
membranes[261, 262]. Sec10 interacts with PC2[24]. 

Sec10(EXCO5), Sec15(EXCO6), 
Exo70(EXCO7) and Exo84(EXCO8). 
The RalB/Sec5 effector complex 
directly recruits and activates 
IkappaB-kinase family member 
TBK1 (innate immunity and 
cancer)[262]. See Septins. 

   

Sonic Hedgehog Signalling The Hedgehog Signalling family comprises three 
members: Indian, Sonic and Desert. Shh are 
morphogens responsible for signalling and patterning 
development[263-265]. Dysregulation of Hh signalling 
is involved in a broad range of conditions and 
disease[113, 266]. Interference of Sonic Hedgehog 
(specifically GLI signalling[267]) causes inhibition of 
cancer cell proliferation and tumour formation[267, 
268]. Interacts with IFT122[269] and inhibits p16[270]. 

Implicated in synovial 
chondromatosis[271]. 
 
The Shh pathway is a target for 
clinical treatment of various 
diseases[272]. 

Smo 
 
(Smoothened) 

Essential G-protein-receptor involved with Sonic 
Hedgehog pathway[273, 272] located in the primary 
cilium[275-277]. The Smo tail is involved with cAMP 
dependent kinases, and is extensively 
phosphorylated[277]. Involved in vesicle 
transport[278] Loss of retrograde IFT disrupts 
localisation of Smo preventing activator and repressor 
of Gli function[279]. Patched acts indirectly to 
regulate Smo function[280], in which Patch (Ptc) and 
Smoothened are transduction components of the 
Hedgehog receptor complex[281], suggesting Patched 
binds Hh without assistance from Smo, favouring 
Hh/PTCH1 binding inducing conformation release of 
Smo[281]. Smo is the teratogenic target of 
cyclopamine[276, 282]. 

 

SuFu  
 
(Suppressor of Fused) 

Smo activates Gli which is inhibited by dual binding 
mechanisms (SuFu)[283]. Hh stimulation releases 
SuFu in the cilium, since Hh dissociates the SuFu-Gli 
complex allowing Gli to target the nucleus[284, 285]. 
Protein-Kinase A (PKA) inhibits Shh signalling[284]. 
Interacts with Gli1[285], Gli3[286] and mediates the 
Gli3/SuFu/GSK3-β complex[286]. 

SuFu forms Gli-SuFu complexes 
within the cilium. Hh causes 
dissociation of permitting Gli to 
activate nuclear transcription 
pathways[284]. 
 

Patched/PTCH1 PTCH1 suppresses Hh signalling pathway by 
preventing trafficking of Smo into the cilium. On 
binding of the Hh ligand to PTCH1, Smo relocates to 
the cilium[276] where it is responsible for activating 
the Hh pathway[287]. Smoothened and Patched are 
found in lipid raft domains. Patched interacts with 
Caveolin, but Smoothened does not[288]. Localises to 
cilia inhibiting Smo accumulation[289]. 

The sterol-sensing domain of 
Patched may be involved in 
vesicular trafficking in 
Smoothened regulation[278]. 
 

Gli1 Gli is a Hedgehog Signalling pathway effector[290, 
291]. Involved in regulating transcription, cell fate 
determination and extra cellular sensing. Interacts 
with SuFu[285, 292, 293] and Shh activation of Gli1 is 
controlled by Gli3[291]. KIF7 is a regulator of Gli 
transcription factors[294, 295]. 

Associated with cancers[296] and 
synovial chondromatosis[297]. 

Gli2 (α, β, γ and δ) Transcriptional mediators of Shh signalling. GLI2 
activates cytoplasmic PTCH1[298, 299]. GLI2 is able to 
promote G1-S-phase progression[299], however it 
requires IFT component Polaris to function[298]. 
There are implications for Gli2 in cancer[300, 301]. 
Involved in neuronal patterning[302]. Localises to the 
primary cilium tip[298] being controlled by Broad 
Minded kinase BROMO[102]. Gli2 transcription factor 
binds and inhibits the p16 promoter[302]. 

Involved with polydactyly[303]. 
Gli1 and Gli2 are part of a 
positive-feedback mechanism in 
Basal Cell Carcinoma[304].  
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Gli3 Transcription repressor, full-length Gli3 localises at 
the tip of the cilium[305] and required for IFT Polaris 
to function[298]. Gli3 is an activator for Gli1[291, 
306], and interacts with SuFu in Hedgehog 
Signalling[307]. 

Pallister-Hall Syndrome[308]. 

   

Wnt Signalling Wnt signalling factors are involved in cell-proliferation and differentiation. Wnt proteins 
interact with multiple receptors and pathways including the canonical Wnt/β-catenin 
pathway of transcription co-activator β-catenin. The non-canonical Wnt/planar cell polarity 
(PCP) pathway is involved with development[309-311]. 

Frizzled Family(FZD1-10) G-protein receptor family, trans-membrane domain 
proteins which act as receptors for Wnt signalling[ 
230, 312]. Transmembrane recptors of FZD1-10, LRP5, 
LRP6 and ROR2 transduce WNT signals through 
endocytosis involving Caveolin or Clathrin[313, 314].  
Wnt signals are involved in regulation of planar cell 
polarity, cell adhesion, and motility. CD44 and 
vimentin gene components of the non-Canonical 
WNT cascade[313]. These are part of, and interact 
with, Notch, FGF, BMP and Hedgehog signalling 
cascades[313, 314]. Frizzled activates cytoplasmic 
Disheveled[315]. 

Frizzled Family Members are 
expressed differentially in tissues 
and are being explored as 
platforms for tissue 
engineering[313]. 

Disheveled (Dvl) Regulates canonical and non-canonical Wnt-β-catenin 
and planar cell polarity pathways; involved with basal 
body polarization and apical docking[316, 317] Dvl 
and Inturned mediate activity of Rho-GTPase upon 
basal bodies directing docking to the apical 
membrane. Docking also involves membrane bound 
vesicles and the vesicle trafficking protein Sec8[318]. 
Interacts with Frizzled[315, 316]. 

Required for ciliogenesis 
 

Chibby Wnt/β-Catenin Pathway antagonist Chibby binds 
Cenexin at the distal end of the basal body and 
functions in primary cilium formation[319]. Required 
for ciliogenesis and centriole formation in Drosophila 
but not WNT signalling[320]. 

 

INV Acts as a molecular anchor for NPHP3 and NEK8 in the 
proximal segment of the cilium[321]. 

 

   

Notch Signalling   

Notch Notch receptors and processing enzymes are co-
localised with cilia[238]. Notch1 and 2 modify 
endochondral ossification in chondrocytes[323] as 
well as chondrogenic differentiation[324]. Notch 
signalling regulates imposition of left-right-asymmetry 
through ciliary length control[325], and suppresses 
nuclear factor NFat in T-cells and Nfatc in 
chondrocytes[326]. 

Involved in osteoarthritis[322]. 
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1.2 Axoneme Associated Proteins 
 

Chaperones Interaction, Localisation and 
Signalling Cascade 

Disease Implication / Ancillary 
Information 

TCP1 (TCP1 ring complex 
(TRiC)) 

Chaperone protein localised to motile cilia[1]. 
Required for actin and tubulin function[2]. 
Interacts with histone deacetylase 3 
(HDAC3)[3]. 

 

NDE1 Partner of dynein of LC8 light chain which 
controls ciliary length, influences G1-S phase 
transition[4]. 

 

Y-Shaped Linkers Y-shaped linkers are believed to be comprised 
of a microtubule binding NPHP1, 4, longer 
coiled domains of CEP290 and NPHP8 (making 
up the filament) and ciliary membrane (trans-
membrane components of TMEMs) and TCTN2, 
3, with TCTN1 (providing an extracellular 
membrane domain)[5]. 

Proteins MKS-1, (MKSR-1, and MKSR-
2), MKS3/TMEM67, MKS-
5/RPGRIP1L, MKS-6/CC2D2A, NPHP-
1, and NPHP-4 are located within the 
transition zone[6]. 
 
 

   

Tektins Found attached to axonemal microtubules. 
Involved in the assembly of centrioles[7]. 

Invovled in deteriming microtubule 
spacings in the axoneme[8] 

TEKT1 Important in development of the sperm-tail 
basal body and axoneme[7, 9]. 

 

TEKT2 Expressed pro-metaphase/late anaphase. 
Similar to tektins in sperm flagella and has an 
association with the centrosome and 
centrioles[10]. 

 

TEKT3 Expressed in sperm producing cells, associated 
with axoneme sperm tail[11]. 

 

TEKT4 Outer fibre component of sperm flagella[12], 
absence causes sub-fertility[13]. 

 

TEKT5 Forms a component of the middle piece of the 
sperm flagella[14]. 

 

   

ODF1 
(Outer dense fibers-1) 

Outer dense fibers of the axonemes of motile 
cilia. Phosphorylated by CDK5 enhancing ODF1-
OIP1 function[15]. 

 

Rabin  Ciliary membrane assembly is initiated by 
Rab11 and TRAPPII by transport to the 
centrosome[16]. Rabin interacts with the GTP 
‘locked’ form of RAB11[17]. 

Involved in ciliogenesis, where Rab8 
and RAB11 are required[17]. 

I2-Inhibitor Phosphatase-Inhibitor-2 promotes acetylation 
of tubulin within the primary cilium[18]. 

 

PACRG PACRG is required for correct development of 
the (9+2) cilium, and defects affect beat 
frequency. Interacts with Rib72 (outer doublet 
proto-filament ribbon) and they localise 
together. PACRG localises along the full length 
of the basal body and axoneme, where it is 
located on the outer sub-fibre doublets, and 
possibly links between MT doublets[19, 20]. 

Expression is co-regulated with the 
Parkinson's Disease gene Parkin. 
Suspected involvement in human 
ciliopathies Asthenospermia and 
Primary Ciliary Dyskinesia. 
Evolutionarily conserved axonemal 
protein[21]. 

TCTEX-1 The TCTEX-1 binding protein is phosphorylated 
before the S-phase and recruited to the ciliary 
transition zone, where it has a role in ciliary 
disassembly and re-sorption[22]. It may 
modulate ciliary length and G1-S progression. 
Interacts with NDE1 (partner of LC8) and 
controls ciliary length[4, 23].  

Localisation to the transition zone. 
Required for Rhodopsin transport by 
association with dynein light 
chain[24]. 

 

   

Nephrocystin Family   

NPHP1/JBTS4 NPHP1 localises to the transition zone[25] with 
PLK1[26] where it interacts with the inversin 

See INV and NPHP2.  



273 

 

compartment (NPHP2)[27] and NPHP4[28]. 

NPHP2 
 
Inversin / INVS 
 
(Nephrocystin2) 

Localises to the axonemal shaft and transition 
zone[29]. Contains Ankyrin domains, which act 
as an anchor for NPHP3 and NEK8 in the 
proximal region of the cilium[30]. Interacts with 
Aurora-A and HDAC6 in ciliary assembly[31]. 
INVS is an essential intra-ciliary anchor of 
NPHP8/NEK8 and NPHP3[30]. NPHP1 and 
NPHP4 localise to the proximal end of ciliary 
compartment[30]. NPHP2 interacts with 
NPHP1[33] and functions as a molecular switch 
between WNT pathways[34]. 

Acts as a molecular switch between 
Wnt signaling pathways[34]. 
 

NPHP3 Part of the STAND NTPase family[35]. Interacts 
with NPHP1 and NPHP2, inhibiting canonical 
Wnt signalling[36]. Depletion or inhibition of 
NPHP3 leads to planar cell polarity defects[36]. 

Localises to primary and retinal 
cilia[36]. Found attached with NEK8 
to Inversin[37]. 

NPHP4 Interacts with NPHP1 and RPGRIP1L[28](Hippo 
signalling regulating cell proliferation)[28-40], 
p130Cas and Pyk2 are found with the NPHP4 
complex in actin- and microtubule-based 
structures[40]. 

Localises to the transition zone, basal 
body and the centrosome[40, 41]. 

NPHP5 (IQCB1) Interacts with NPHP1, NPHP6, Calmodulin and 
RPGR[42 43]. Localised to the centrosome, 
where it binds NPHP6/CEP290. Depletion 
prevents centrosomal binding and inhibits 
ciliogenesis[44]. 

Localised to cilia. Retinal cilia defects 
share a similar pathology to those of 
NPHP6[37, 43, 45]. Localised to the 
centrosome[44]. 

NPHP6 See MKS4/JBTS5.  

NPHP7/GLIS2 Interacts with CTBP1 as a transcriptional 
repressor[46] and with p120[47]. BBS1 and 
NHPH7 are required for ciliary motility[48]. 

Defects/mutations associated with 
nephronophthisis[49].  

NPHP8/RPGRIPIL/MKS5 
 
RPGRIP1-Ligand 
 
*See also 
MKS5/JBTS7/RPGRIP1L/NPHP8 
 

Localises to the primary cilium and basal body 
in the centrosome where it is proposed that 
RPGRIP1 and RPGRIP1L function as cilium-
specific scaffolds that recruit a NEK4 
serine/threonine kinase (signalling network) 
which regulates cilium stability[50]. Interacts 
with NPHP4[28].  

Localises to basal bodies and the 
axoneme[28]. 
 
RPGRIP1L is mutated in Joubert 
Syndrome and in 
nephronophthisis[28, 51]. 

NPHP9/NEK8 Serine-threonine protein kinase involved in 
ciliogenesis and the cell cycle (G2 to M 
phase)[52]. Localised to the proximal region of 
primary cilium and expressed weakly in the 
cytosol. May interacts with expression, 
localisation and signalling of Polycystin-1 and 
2[53]. Mutation results in over expression of 
Gal-1, Sorcin and Vimentin[54]. Localises to the 
proximal region of the cilium[52] although 
reported along the full length[53]. 

Involved in PKD1 cystogenesis and 
cell-cell adhesions[55]. Involved in 
nephronophthisis[56] and cyst 
formation[57]. Linked to PCD[58]. 

   

NEK Family   

NEK1 Involved with PRKA in ciliogenesis and Shh 
signalling[59 60]. Regulates VDAC1 opening and 
closing of anion channels and is involved in 
apoptosis[61]. Silencing NEK1 mitigates or slows 
down DNA repair and blocks phase arrest[62]. 
Localises to the centrosome[52]. 

Involved in short ribbed 
polydactyly[63], linked to PCD[58] 
and polycystic kidney disease[52] 

NEK2 Involved in G2-M transition. Regulates 
centrosome structure and promotes 
centrosome mitotic fissioning by 
phosphorylating centrosomal proteins[31, 64]. 
NEK2/NIMA proteins are involved in nuclear 
membrane breakdown and are responsible for 
centromere separation[52, 65]. Involved in 

NEK2A targets nucleolar NEK11 in 
G1/S arrested cells via a nuclear 
targeting motif suggesting nuclear 
function[66]. 
Located in the distal (-) ends of both 
centrioles at the beginning of S-
phase[67]. Required for G2/M-phase 
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regulating the mitotic spindle[52].  ciliary dissembly[68]. 

NEK3 (Might be in the cilium) Localises to the centrosome[69]and in the 
cytoplasm where it regulates microtubule 
acetylation[70]. 

Prolactin receptor signaling and 
cytoskeletal reorganisation, but little 
known about its role[70, 71]. 

NEK4 Regulates ciliary assembly and stability. Is 
recruited to scaffolds of RPGRIP1 and RPGRIP1L 
and also localises to the ciliary rootlet[50]. 

Involved in Joubert and Meckel-
Gruber syndromes[50]  

NEK5 Nuclear protein, localises to the proximal ends 
of centrioles during Interphase. Loss of NEK5 
results in loss of γ-tubulin and premature 
centrosome fissioning[69]. 

Negative centrosomal regulator[69]. 

NEK6 Involved in mitosis[58]. NEK9 activates the 
NEK6 and NEK7 kinases[72, 73]. NEK6/NEK9 
forms a signal transduction module in which 
binding of NEK6 to NEK9 is regulated by 
DYNLL/LC8[74]. 

Depletion of NEK6 results in defective 
mitosis[73]. Regulates the mitotoic 
spindle[58, 69]. 

NEK7 Regulator of mitosis and cytokinesis[58, 73, 
868]. Interacts with NEK9[72] where NEK9 
activates NEK6 and NEK7 kinases[72]. Localises 
to the centrosome[73, 75].  

Depletion of NEK7 results in defective 
mitosis[73] and is involved in 
polyploidy and cancer[76]. 

NEK8 (see NPHP9) Common to both families.  

NEK9 Regulates mitotic G1-S progression[58] and 
interphase progression[78]. Interacts with 
NEK6[72, 77], PLK1[72], SSRP1[78], Eg5[72] and 
Ran(Interphase nuclear pore transporter)[77]. 
NEK9 is activated by PLK1 and controls early 
centrosome separation through a complex of 
NEK6/7 kinases and EG5[67, 72] 

Regulates mitotoic spindle[561]. 
Forms part of a signalling module in 
which NEK6/NEK9 binding is 
regulated by DYNLL/LC8[74]. 
 
Eg5 is also known as KIF7. 

NEK10 Mediates G2/M cell cycle arrest and response 
to ultra-violet radiation[79]. 

 

NEK11 Interacts with NEK2A in the nucleus during G1-S 
arrest[66]. 

 

   

RP1  
(Retinitis Pigmentosa Protein-
1) 

Oxygen Regulated Protein-1. Role in outer 
segments of photoreceptors[80]. 

 

RP2 
(Retinitis Pigmentosa Protein-
2) 

Ciliary localisation controlled by importin-
β2[81]. 

 
 

RPGR 
 
Retinitis Pigmentosa 
Guanosine Triphosphatase 
(GTPase) Regulator 
(RPGR)[82]. 

Interacts with novel transport proteins in outer 
rod photoreceptor segments and rods[82]. 
Interacts with RPGRIP-1, CEP290, NPM, SMC1, 
SMC3, and IFT88[83]. Co-localises to centrioles 
and basal bodies[84], with isoforms found in 
photoreceptors and the transition zone of 
motile cilia[85].  

There is no consensus as yet to 
localisation of RPGR. Isoforms have 
been found in the retina and 
mutations are involved with defects 
in photoreceptors and in 
ciliopathies[82, 86]. 

RPGRIP1  
 
Retinitis Pigmentosa GTPase 
Regulator Interacting Protein 

NPHP4 and RPGR form components of the 
RPGRIP1 interactome complex[87], RPGRIP1 
and RPGRIP1L are involved ciliary integrity via 
the serine/threonine kinase NEK4 via 
interactions with NEK4[50]. See MKS5/NPHP8. 

Mutated in Leber Congenital 
Amaurosis[88, 89]. 
 
 

DCDC2 A protein involved in binding to microtubules, 
localises to the primary cilium where it interacts 
with KIF3A. Increased expression increases 
ciliary length by activating Shh signalling, whilst 
decreased expression enhances Wnt 
signalling[90]. 

Associated with Dyslexia[90]. 

   

TCTN1/TCTN2/TCTN3 
 
(Tectonics) 

Tectonics are glycoprotein activators and 
regulators of Shh[91]. Interacts with Smo and 
RAB23 where they form complexes with 
membrane associated cilium proteins. Assciated 

The loss of TCTN1 (or TCTN2), 
TMEM67 or CC2D2A causes 
phenotypical specific defects in 
ciliogenesis and in membrane 
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components within the transition zone include 
ARL13b, AC3, Smo, and PKD2[92]. Components 
of MKS1, TMEM216, TMEM67, CEP290, B9D1, 
TCTN2 and CC2D2A which are localised to the 
transition zone[92]. TCTN2 plays a role in Hh 
signalling downstream of Smo and RAB23 
where it acts as a repressor[91, 93]. 

composition[92].  
 
 

LCA5 (Lebercilin) Localises to axoneme microtubules and basal 
body of photoreceptors[94]. 

Associated with retinal defects. 

PKA (Protein Kinase-A) Dependent on cAMP concentration for function 
in binding to R-PKA activating C-PKA[95]. A 
subunit of PKA binds it to the cilium base via A-
kinase anchoring proteins (AKAPs) where it is 
involved in Shh regulation[95]. 

 

Importin-β2  
 
(Ciliary Trafficking) 

Importin contains α-subunit components which 
bind the nuclear localization sequences (NLS), 
and β-subunits which dock and pass through 
nuclear pore complexes[96]. It has been found 
that importin-ß2 regulates import of KIF17 and 
RAN-GTP[97], along with Retinitis Pigmentosa-
2[81]. The KIF17 motor tail contains a ciliary 
localisation sequence (CLS) which is similar to 
NLS indicating a possible similar regulatory 
mechanism[97]. 

Similarity of the pore complex with 
the primary cilium has been noted. 
KIF17 function is regulated by a ciliary 
gradient of the GTPase RAN[97]. 

   

Suspected in the Cilium   

MEK-1 / MAPK1 
(suspected to be in the 
cilium/centrosome) 

Mitogen-activated Protein Kinase-1. Interacts 
with HOP1 during meiosis[98]. 

 

XPNPEP3 (Aminopeptidase-P3) 
 
(Suspected to be in the cilium) 

Xaa-Pro aminopeptidase-3. Also known as 
aminopeptidase P3, is involved in a ciliopathic 
condition (although any role in cilium is still 
unknown), localises to mitochondria, and has 
cilium related function as several ciliary 
cystogenic proteins were found to be 
substrates of XPNPEP3[99, 100]. 

Involved in a nephronophthisis like 
nephropathy[99, 100]. 
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1.3 Centrosome Associated Proteins 
 

Associated Protein Interaction, Localisation and 
Signalling Cascade 

Disease Implication / Ancillary 
Information 

Centriole Duplication 
Complex 

SAS-4, SAS-5, SPD-2 and ZYG-1 are required for 
centriole formation[1, 2]. 

 

SAS2 Complexes with SAS-4, and SAS-5[3], are 
responsible for histone acetyl-transferase activity of 
SAS-2[3]. 

 

SAS3 Multi-subunit histone acetyl-transferase. Involved in stem cell population self 
renew and cancer[4]. 

SAS4/CPAP Controls centriolesize[5]. SAS-4 and SAS-5 complex 
is silenced by SAS-2[3] SAS-4 determines the 
centrosome size and centriole stability[5]. 

 

SAS5 Forms a complex with SAS-6[2, 3]. Required for 
centrosome duplication[6]. 

 

SAS6 SAS-6 is a cartwheel protein that is responsible for 
creating the 9-fold centriole symmetry[7]. Required 
for centrosome duplication. SAS-6 and SAS-5 
associate, and interact with SAS-4, SPD-2 and ZYG-
1[1]. Involved in ciliogenesis and localises to the 
basal body and axoneme[1, 2, 8] 

 

SPD2 
 
(Spindle defective 
protein-2) 

SPD2 appears on the maternal centriole post-
fertilisation recruiting ZYG1 kinase, which in turn 
recruits the SAS-5/SAS-6 complex forming a 
procentriole ‘central-hub’ template upon which 
microtubule triplets are formed[5, 9, 10]. 

 

ZYG1 
 
(Zygote defective 
protein-1) 

Regulates meiotic and mitotic centriole 
duplication[11, 12]. Curiously, truncation of ZYG-1 
blocks centrosome duplication during the mitotic 
cycle, and results in centrosome amplification 
during the meiotic cycle[13]. Related to PLK4[13]. 

 

PLK4/SAK 
 
(Polo Like Kinase) 

Initiates centriole assembly (involving SAS6 and 
SAS4)[14] via recruitment with, and 
phosphorylation of, CEP152 in the centrosome[15, 
16]. Insufficient or aberrant PLK4 causes abnormal 
centriole induction containing γ-tubulin[17] and 
produces multiple centrioles through controlling β-
TrCP mediated degradation[15, 18, 19]. Down 
regulated by p53[637] and CUL1, which function as 
tumour suppressors/regulators[18]. 

 

CEP135 Involved in basal body maturation and stabilises 
against ciliary forces[19]. CEP135 is believed to 
stabilise the basal body by interacting with the A-C-
subfibre linkages[19]. Required for centrosomal 
localisation of C-NAP1[20].  

Part of the PCM involved in 
microtubule organization[21]. 
Controls formation of motile cilia 
central microtubule pair[22]. 

Assembly Co-Factors   

CP110 Cell cycle dependent kinase (G1 - S) co-inciding with 
chromosome replication[23]. Regulates centriole 
duplication, cytokinesis and suppresses the 
ciliogenesis program through unknown 
mechanisms[23-25]. CP110 interacts with CEP290 
and RAB8 for ciliogenesis. Interactions between 
CEP290 and CP110 are required for CP110 to 
suppress primary cilium formation[24], while CP110 
and CEP97 inhibits centriole to basal body 
conversion[26, 27]. CEP290 and CP110 interact with 
Rab8 GTPase, since depletion of CEP290 interferes 
with localisation of RAB8A to the centrosome and 
cilium. Interacts with CEP97 and KIF24 to remodel 
microtubules[28], and also with two Ca

2+
 binding 

domain proteins, Calmodulin (CaM) and 

Involved in ciliogenesis. Loss of CEP97 
or CP110 promotes ciliary 
formation[26]. CEP97 depletion results 
in missing CP110 causing polyploidy 
and spindle defects/inhibition. 
Longer-term interruption of CP110 
phosphorylation leads to improper 
centrosome separation and overt 
polyploidy[23]. Degraded by Cyclin-
F[30]. CP110 suppresses primary 
cilium formation by interacting with 
CEP290[24]. CEP97 recruits CP110 to 
the centriole, where it caps the end of 
the distal centriole microtubules[26]. 
Involved with centriole length through 
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Centrin[25]. Interacts with Neurl4 on the daughter 
centriole[29]. 

CPAP[31] 

NLP 
 
(Ninein Like Protein) 

Localises to the mother centriole, binds to γ-tubulin, 
and is the G(2)/M target of NEK2 and PLK1 protein 
kinases[32]. Localisation and stability controlled by 
PLK1, NEK2, CDC2 and Aurora-B[33]. 

Involved in mitotic progression and 
tumorgenesis[33]. 

CEP120 Required for centriole assembly[34]. Interacts with 
TACCs to control nuclear migration and is also 
involved in neural progenitor pool in 
neurogenesis[35]. Localises asymmetrically to the 
daughter centriole[34]. 

Involved in centriole elongation[36]. 

CEP152 
 

Required for centriole duplication, interacts with 
PLK4[16]. 

CEP152 and CEP63 are involved in 
centriole duplication[37]. 

MEC-17 
 
(K40 acetyl-transferase) 

MEC-17 exclusively acetylates K40 on α-tubulin[38]. 
Associated with axonemal stabilised microtubules α-
tubulin promotes rapid ciliogenesis and efficient 
mechano-transduction[39]. Not catalytic for free 
tubulin. α-TAT1 is required for axonemal 
microtubules and primary cilium kinetics[39]. 

Acetylation site on luminal side of MT. 
So far α-TAT1 is the only α-tubulin K40 
acetyltransferase found in mammals 
and nematodes, and is highly 
conserved[39]. Controls axis of 
ciliogenesis with myosin-II[40]. 

   

Centrosomal Transport 
Particles 

  

TRAPII Involved in complex trafficking of Rabin8 to the 
centrosome. Initiated by RAB11[41]. 

Involved in Golgi derived transport. 

   

Basal Body Appendages 
Basal Feet 
Basal Appendages 

Composed of Centriolin/CEP110[42], Pericentrin, 
Ninein[43], CEP170[44], ODF2/Cenexin[45], 
PLK1[46] and ε-tubulin[47]. 

KIF3A interacts with dynactin 
(p150

Glued
) to organize subdistal 

appendages[48]. 

Cenexin/ODF2 Outer Dense Fiber Protein-2. Contains three splice 
variants[49]. ODF2 and Cenexin are formed from 
alternative splice sites of the same gene[50]. 
Localises to the mother centriole in G0/G1-
Phase[45, 51], however is acquired by the immature 
centriole at G2/M transition in prophase[45]. 
Component of sperm-tail outer dense fibers[49] 
and scaffold component of the centrosome and 
distal appendages. Interacts with PLK1[52], binds 
with Rab8a but not other Rabs[24, 53]. Variations in 
tubulin tyrosination, detyrosination (Glu-tubulin) 
may interfere with the substrate function of MTs, 
influencing G1- phase[54]. 

Loss of ODF2 results in lack of 
distal/sub-distal appendages and 
inability to carry out ciliogenesis[55]. 
 
 
Localises to the distal (+) end of the 
Basal Body at the beginning of S-
phase[9]. 
 
Marker for the ‘mature’ centriole*9+. 
 

Ninein 
 
 
(Ninein GSK3B 
interacting protein) 

Forms part of the centrosomal anchoring complex 
of the PCM, associated with microtubules where it 
is involved in stability, distribution and attachment 
of microtubules. Localises around distal end of 
maternal centriole[9, 56, 57]. At the open end of the 
PCM tube, CEP110 and Ninein colocalise with 
CEP250/C-NAP1[58, 59]. This is associated with 
maturation of the daughter centrosome at G1 
transition[58]. 

Localises to the distal (+) end of the 
Basal Body and basal feet. Also coats 
the proximal (-) ends of both the Basal 
Body and the Proximal Centrioles at 
the beginning of S-phase[9]. 

CEP170  Part of the microtubule anchoring complex. CEP170 
regulates KIF2[60]. Interacts with Centriolin, 
Cenexin/ODF-2 forming part of an anchoring 
complex and peri-centriolar satellites[9, 61]. 
Presence discriminates centriole over-duplication 
from amplification[46]. 

Associates with mother centriole 
during G1, S, and early G2, but two 
centrioles during late G2-phase[46].  
  

CEP110/CNTRL/Centriolin 
 
 

In G1-phase it is only present upon the mature 
centriole distal end and peri-centriolar satellites. 
During replication it appears first on the proximal 
end of the daughter centriole, but on the distal end 
after mitosis. It appears on the second centrosome 
in Prophase-Metaphase[9, 58]. After duplication and 

Cancer implications with CEP110. 
Involved in stem cell Myelo-
Proliferation Disorder (MPD) where 
the tyrosine receptor kinase for FGFR1 
is found fused to CEP110[58, 62, 63].  
 



285 

 

disjunction it appears on the proximal end of the 
daughter centriole, and then the distal end after 
mitosis[9, 58]. Interacts with Ninein and associated 
with centrosome maturation. CEP110 and Ninein 
are located in specific domains upon mature 
centromes[58]. 

 
CEP110 and Ninein are associated with 
the centrioles in both mother and 
daughter centrosomes[58, 59]. 
 

Pericentrin-A / 
Pericentrin-B /  
 
(Kendrin)[67] 

Proteins formed from alternative splicing of same 
gene[64, 65]. Kendrin interacts with PCM-1[64, 66], 
CG-NAP[67], CEP215[68], and possibly 
calmodulin[69]; binds to DISC1 (localising it to the 
centrosome[70]); Over-expression disrupts MT 
organisation[71]. Interacts with the nucleating 
component of γ-tubulin[72] and GCP2 providing a 
physical role for structural support within the 
centrosome for the nucleating component of γ-
tubulin[73]. Required for ciliogenesis, complexes 
with IFT transport proteins and Polycystin-2[74, 
75]. 

Microcephalin and pericentrin control 
mitotic entry through Chk-1[76]. 
Implicated in cancer, as target of 
membrane type-1 Matrix Metallo-
Proteinase[77]. 
Involved in anchoring γ-TuRC of 
microtubules to the centrosome and 
basal feet[78], with roles in cancer, 
bipolar disorder, schizophrenia[64]. 
For review of Pericentrin role in 
cellular function and disease see 
Delaval et al., (2010)[64]. 

Given the size of the basal appendages, they most likely consist of hundreds of as yet unclassified proteins and their 
interaction partners. 

   

Associated Proteins   

   

BBS1-BBS12 
Bardet-Biedel Proteins 
BBSome 

The BBsome (BBS1-12)[79] complex localises to the 
basal body, centriolar satellites and also to the 
membrane of the cilium[80]. It is required for 
ciliogenesis during which the BBSome associates 
with Rabin8 (BBS1 enabling RAB8 GTPase)[81]. 
BBS4 interacts with DCTN1[82] and also functions as 
an adaptor between PCM and p150

Glued
[9, 61]. Loss 

of BBS4 disrupts the PCM, de-anchoring 
microtubules[9, 61]. BBS5-binds phosphoinositidyl 
3-phosphate and is thus involved in endosomal 
trafficking[83]. BBS6 interacts with CEP55, CEP110 
and Centriolin which are involved in cytokinesis[9, 
84]. BBS7 and BBS8 are required for stabilising IFT 
complexes[85] with BBS8 being found localised to 
basal bodies[86] where it associates with BBS1, 
BBS2 BBS4 and PCM-1[9, 88]. BBS11 interacts with 
actin[88]. 

Common defects (which were usually 
in BBS1, BBS2[90], BBS4[91], 
BBS5[92], BBS6, or BBS8[91, 93]) 
include obesity, retinopathy, motile 
ciliary function[94], and cognitive 
impairments[79, 95]. Disruption of BBS 
proteins results in loss of Planar Cell 
Polarity[96].  
 
Articular cartilage changes indicative 
of osteoarthritis have been observed 
in BBS mutants[95]. 
 
BBS8 is involved in planar cell polarity 
with Vangl2[97] 
 

Centrosomal MT 
Anchoring Complex 

Involved in attaching γ-TuRC to the centrosome 
through docking stations upon the heads of the 
basal feet. The pericentriolar complex itself is 
suspected to comprise of Pericentrin bound PCM-
1/BBS4 to Ninein[98], Ninein-Like-Protein (NLP[99]), 
CG-NAP[100] and Centrin, while BBS4 functions as a 
link between PCM-1 and p150

Glued
[9, 61]. The 

anchoring complex itself is believed to be comprised 
of Ninein[101], ODF-2/Cenexin[45, 46], Centriolin 
and ε-tubulin[9, 47] which comprises the peri-
centriolar satellite heads[102]. Ninein acts as a 
molecular link for the anchoring of γ-TuRC 
complexes at the centrosome[101]. 

Alieva et al., (2008)[9] points out that 
different proteins complexes can 
anchor MTs to the centrosome. As 
they are comprised of different 
anchoring base structures, it is 
reasonable to conclude that they may 
individually have different transport 
functions. 
 

Centriolar Satellites Satellites are assembly points for proteins, where it 
has been proposed that ciliopathic proteins are 
components[103]. PCM1, ODF1, BBS4 and CEP290 
are the primary components of the satellites which 
are responsible for satellite integrity[103-105, 
stow], where CEP72 is a PCM1 interacting protein 
needed for CEP290 recruitment[106]. At Interphase 
they form poly-protein complexes of 70-100 nm 
sized granules which are observed[61], around the 
basal body[9, 105, 107]. Loss of Cenexin prevents 

CEP72 and CEP290 recruit BBS 
proteins to the cilium[106]. 
 
For review see Kubo et al., (1999)[107] 
and Tateishi et al., (2013)[44]. 
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centriolar satellites from forming. CEP110 has been 
proposed as having a role as a binding protein[9].  

Alar Sheet Components 
(Alar Sheets) 

ODF1, ODF2[44, 55], CEP164[108], 
CCDC123/CEP123[109, 110] and HYLS1[111] are 
known components of the Alar Sheets. Docking of 
the mother centriole to the cell membrane requires 
ODF1, ODF2, Ninein, MKS1, MKS3, CEP164, POC5 
and CEP123[112, 113]. 

ODF2 isrequired for distal appendage 
formation[55]. 

CEP164  Needed for cilium formation, localises to the distal 
appendages of mature centrioles with Ninein and 
CEP170[114]. CEP164 plays a role in transition-fiber 
assembly, where it localises to the distal (+) end of 
the basal body. Depletion prevents cilium 
assembly[114]. Centriole appendage protein is 
required for primary cilium formation and It 
mediates vesicle docking to the mother 
centriole[115]. 

Part of the DNA repair response to UV 
light[116].  

OFD1/ CXORF5 
 
(Oro Facial Digital 
Syndrome) 

Required for primary cilia formation[117] and 
expressed during mesenchymal to epithelial 
transition, with a suspected role in mechanosensory 
renal signal transduction[118]. Interacts with 
RuvBl1 and localises to the primary cilium, to the 
nucleus[119] and to the basal body, where it is 
involved in centriole elongation, distal appendage 
formation, and recruitment of IFT88[120]. Co-
localises with PCM-1, BB4 and CEP290. Co-localises 
with PCM1, BBS4 and CEP290 as principal 
components of centriolar satellites which are the 
assembly points for proteins involved in many 
ciliopathies. Upon break-down of satellite granules, 
only OFD1 and CEP290 are reported to remain[121]. 

Involved with human oral-facial-digital 
type-1 syndrome. 
Localises with PCM1, BBS4 and 
CEP290 as main components of 
centriolar satellites. Upon breakdown 
of satellite granules, only OFD1 and 
CEP290 remain[121]. 

CEP123 
(Cep89/CCDC123) 

Required for ciliogenesis at the distal end of the 
mother centriole, interacts with the centriolar 
satellite proteins PCM-1, OFD1 and CEP290[122]. 

 

   

Centriole Anchoring 
Complexes 

Known proteins associated with anchoring at the 
centriole 

Knowledge of these components is 
presently incomplete 

Centrobin (BRCA2 
interacting protein) 

Daughter centriole specific[9], asymmetrically 
localises to the daughter centriole before 
replication[123], where between G and S phase it is 
only detectable on new procentrioles[9]. Involved in 
microtubule formation and stability[124]. Interacts 
with PLK1[125], SNARES[126] and tubulin where it 
is involved in centriole elongation[127]. Depletion 
induced G1-S phase arrest, leading to p38-p53 
mediated cell-cycle arrest[128]. 

Associated with Chediak-Higashi 
Syndrome, involving impaired 
phagolysosome formation through 
microtubule defects[126]. 
Localises exclusively to the (+) end of 
the Basal Body and parts of the basal 
feet[9]. 

SGO1 SGO1 functions for centriole cohesion, where it is 
suspected to act as the ‘glue’ holding centrioles 
together. Disengages in late mitosis[129]. 

 

CG-NAP/ACAP450 CG-NAP and Pericentrin/Kendrin anchor 
microtubule nucleation sites in the centrosome by 
anchoring the γ-TuRC complex[130]. Interacts with 
CDC42 at the Golgi apparatus[131]. Binds to the 
dynactin[61, 132] complex via p150

Glued
 interacting 

with γ-tubulin, CEP55[133], and Calmodulin[75]. 
CG-NAP is recruited to the Golgi through interaction 
with the dynein/dynactin complex[134]. 

 

CEP55 CEP55 associates with γ-TuRC anchors, CG-NAP and 
Kendrin. At mitotic entry CEP55 is activated by 
ERK2/CDK1 phosphorylation (allowing interaction 
with PLK1) where it localises for a role in 
cytokinesis[133]. 
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Centrosomin-A 
/Centrosomin-B 
 

Centrosomin A and B forms are derived from one 
gene[135, 136]. A forms a centrosomal protein 
(interacts with γ-tubulin, Aurora-A[137)] while the 
B isoform has a nuclear association[136]. 

Interacts with a vast number of 
proteins. 

PCM1 Cell cycle association with the centrosome[138, 
139], centriolar satellites and microtubules[102]. 
Interacts with Pericentrin[140], BBS4 (localises to 
satellites and basal body, and acts as an adaptor of 
p150

Glued
[61]), BBS9[93] binds to Centrin, Ninein 

and Pericentrin[141] where it interacts with 
pericentrin-B[93]. 

PCM1 recruits PLK1 to the centrosome 
for disassembly of the primary 
cilium[142]. Mutations associated with 
Schizophrenia (DISC1 results in BBS4 
disruption)[143]. 

Rabin8 Primary cilium membrane assembly is initiated by a 
RAB11 and TRAPPII complex involved in transport 
of Rabin8 to the centrosome[41]. 

 

CP190 CP190 and CP60 cycle asynchronously between the 
nucleus and centrosome[144, 145]. Regulates 
myosin function[146] and interacts with the γ-
tubulin ring complex[147]. 

 

CEP250/C-NAP1  C-NAP1 and Rootletin regulate centrosome 
cohesion[148] and fissioning via phosphorylation, 
balancing the actions of NEK2 and PP1[149]. 

 

CP60 The maximum concentration of CP60 is expressed at 
anaphase and telophase, falling at entry to 
Interphase where it localises to the nucleus[9, 150]. 
Required for CP190 to form a complex with γ-
tubulin[144, 151]. 

 

Rootletin Forms long striated rootlets associated with the 
proximal end of ciliary basal bodies and they are 
also found radiating from centrosomes, nominally 
expressing primary cilia[152, 156]. Rootletin is 
believed to be localised with β-catenin between the 
C-NAP1 striates of the rootlet where it is involved in 
ciliogenesis[154, 155]. 

Indicates a role for NEK2 kinase(and 
substrate C-NAP1) with Rootletin as a 
dynamic controller of centrosome 
cohesion[154]. 

CEP68  Required for centrosome cohesion of the striated 
rootlet. CEP68 interacts with C-NAP1 and Rootletin 
(collects on fibres)[68]. 

Confusing information in literature. 

CEP76 Involved in regulating centriole and centrosome 
duplication. Interacts with CEP110[156]. 

 

NB: CP110 and OFD1 have as yet undefined roles in the transition from centriole to basal body as well as in 
ciliogenesis[157]. 
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1.4 Cell-Cycle Regulatory Kinases 
 

Cyclin Dependent 
Kinases  

Interaction, Localisation and 
Signalling Cascade 

Disease Implication / Ancillary 
Information 

CDK1 Cyclin Dependent Kinase, regulates G2/M phase. 
Involved with NEK6/7 and EG5 contributing to the 
accumulation of EG5 at the centrosome[1]. NEK9 is 
phosphorylated by CDK1[1]. CDK1 is proposed to 
trigger centrosome separation in late G2 phase 
through phosphorylation of motor protein EG5[2], 
although PLK1 can also act in this way, slowly 
through CDK2 compensation[2]. Interacts with 
CEP55[3], CEP63 (recruits CDK1 to the 
centrosome)[4, 5]. CDK1 is involved in mitotic 
spindle symmetry and alignment for cell division[6].  

Implications of CDKs in mitotic entry, 
centrosome replication and cancer[4]. 
 

CDK2 Cyclin Dependent Kinase. Regulates and essential 
for G1/S transition[7, 8]. Interacts with subunits of 
Cyclins-A and E[9]. 

Cyclin-A and Cyclin-E complex with 
CDK2 to initiate centrosome 
duplication[9].  

CDK20/p42 
 
Mitogen Activated Kinase 
(MAPK1)  

Cyclin associated kinase[10] involved in cilium 
formation, Hedgehog and Wnt signalling[11, 12]. 
Activates CDK2 (and others). And is also found in 
nucleus and mitochondria. Stabilised by binding to 
the Bromi protein[13] and is implicated in G1-to-S 
phase transition[11]. 

Implicated in cancer[14]. 

   

Associated Cyclins   

Cyclin-A1/Cyclin-A2 Required for progression through S-phase and 
G2/M transition. Complexes with CDK2[15] 
Iinvolved in cellular activity and proliferation[16]. Is 
repressed in oncogenic signalling[17]. 

Required for centrosome duplication 
which requires E2F and a Cyclin-
A/CDK2 complex[18]. 

Cyclin-B Cyclin-B1 localises with microtubules and is found in 
the cilium in G1-phase[19], whilst Cyclin-B2 is found 
localised to the Golgi region[20]. Cyclin-B1 nuclear 
localisation appears to be controlled by Cyclin-F[21].  

 

Cyclin-C Interacts with CDK-8. Responsible for 
phosphorylating RNA polymerase-II[22]. 

Involved in G0/G1 transition and Rb 
dependent G0-exit[23, 24]. 

Cyclin-D Involved in G1/S transition and integrin mediated 
cell attachment to the extracellular matrix through 
regulation of cell cycle[25]. Interacts with FAK, Rho 
GTPases and ERK controlling intracellular tension 
and extracellular stiffness[25]. Involved in extra-
cellular signalling through Kinase Kinase-½ and NF-
kappa-β signalling pathways. Cyclin-D2 induces 
maturity in B-cells[26]. 

G2/M protein p58 interacts with 
Cyclin-D3[27]. 

Cyclin-E  Cyclin-E binds CDK2 in G1-phase, and is required 
during S-phase for progression. Localises to the 
centrosome with Wts/Lats kinase[28]. Identified in 
the cilium where the CDK2-cyclin E complex 
associates with the centrosome during cell cycle 
progression[29]. 

 

Cyclin-F (Fbox1) CP110 and Cyclin-F are physically associated on the 
centrioles during the G2 phase of the cell cycle. 
Depletion of Cyclin-F leads to centrosomal and 
mitotic abnormalities[30]. The genomic location of 
Cyclin-F gene is located close to PKD1[31]. 

Much about Cyclin-F is still unknown. 
Controls centrosome homeostasis and 
mitotic fidelity through CP110 
degradation[30]. 

Aurora-Kinases  Peaks during G2 to M phase transition in the cell 
cycle[32]. Interacts with c-terminal of Centrosomin 
(whose N-terminal binds to γ-tubulin[33]). 
Phosphorylation of Aurora-A causes Mdm2 
mediated destabilisation of p53[34], and G2-M cell 
cycle arrest[34]. Aurora-A interacts with basal body 
scaffolding proteins HEF1 and NEDD9[35] which 

Auroras A, B and C kinases have roles 
in cycle-cycle regulation and 
mitosis/meiosis[39, 40-43]. 
Aurora-A is involved in early and late 
mitotic events[43]. Involved in mitosis 
with organisation of the kinetochore at 
metaphase, chromosomes at 
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complexes and localises to the ciliary base, 
phosphorylating and activating tubulin de-acetylase 
(HDAC6), promoting ciliary disassembly[35-37]. 
Stabilisation of Aurora-A and HDAC6 may prevent 
cilium resorption[37]. Cofactors with CEP192 for 
MTOC function and spindle assembly[38]. Aurora-A 
activation initiates ciliary disassembly[37]. 

prometaphase[40]. 
Aurora-B is a regulator of mitotic 
chromosome segregation and required 
for chromatid orientation[41]. Binds to 
microtubules and KIF4[44]. Aurora-C is 
required for cytokinesis and 
meosis[45]. 

CDC2L1 (p58) Protein kinase invoved in the Hedgehog signaling 
pathway[46] and interacts with Cyclin-D3[27].  

 

EF2 (Suspected in cilium) 
Elongation Factor 2 
Kinase 

Promotes G0 to S phase transition. E2F targets gene 
expression during the progression of cell cycle. EF2 
with pRB involves accretion of inhibitory histone 
modifications invoking chromatin compaction[47].  
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1.5 Regulatory Components 

 
Centrosome Localisation Interaction, Localisation and 

Signalling Cascade 
Disease Implication / Ancillary 

Information 

Nesprin  Required for centrosomal positioning, cell polarity 
and ciliogenesis. Interacts with Meckelin for 
ciliogenesis via remodeling actin[1]. 

 

Gimap5 GTPase IMAP family member. Localises to the ER, 
Golgi and the centrosome. Interacts with CHOP for 
mediating endoplasmic reticulum stress induced 
apoptosis[2]. 

 

PLK1(Polo-Like-Kinase-1) Associated with G2/M transition in early 
prophase[3]. Localises to the transition zone, where 
it phosphorylates NPHP1[4], and activates histone 
deacetylase 6 (HDAC6) is recruited to the 
pericentriolar matrix by PCM1 in a dynactin 
dependent manner[5]. Interaction between PCM1 
and PLK1 is phosphorylation dependent, a process 
in which CDK1 acts as the priming kinase[5]. PLK1 
interacts with many pathways, is associated with 
aneuploidy and centrosome abnormality, as well as 
in p53 inactivation[6, 7]. PLK1 prevents centrosome 
separation from ionizing radiation exposure[8] 
while PLK1 phosphorylation inhibits ATM/ATR-
dependent activation[9] in response to DNA 
damage[10]. PLK phosphorylates Cyclin-B1 allowing 
nuclear targetting[11].  

 

CEP215  
 
(CDK5RAP2) 

Localises to the centrosome through-out the cell 
cycle where CEP215 and CEP68 are involved in 
centrosome cohesion[12]. Interacts with Pericentrin 
and CDK5R1[13]. 

 

CEP97 CEP97 and CP110 suppress ciliary assembly[14]. 
Depletion of CEP97 results in loss of CP110 giving 
rise to polyploidy and spindle defects[15]. 

Involved in the transition from 
centriole to basal body[16]. 

CEP63  
(Tumour Suppressor) 

Acts as an ATM/ATR-dependent checkpoint for 
Double Strand DNA breaks halting spindle 
assembly[9]. Invovled as an ATM/ATR-dependent 
checkpoint for DSBs halting spindle assembly[9]. 
CEP63 and CEP152 are involved in centriole 
duplication[17]. 

Mitotic checkpoint. Interacts with 
Disrupted-In-Schizophrenia 1 
(DISC1)[18]. Recruites CDK-1 to the 
centrosome[19]. 

TRAF7 (Suspected in the 
centrosome) 

MoD1 transcription target, where ubiquitylation of 
NF-kappa-β is regulated exclusively by TRAF7[20].  

Also Cytoplasmic. 

HSP73 
 
(Heat Shock Protein) 

Centrosomally co-localised with Pericentrin and 
TCP1[21] with a role as a molecular chaperone[22]. 
Interacts with Cyclin-D (promotes stability for 
interaction with CDK4[23]). 

 

Centrin 
 
(CETN1/2/3) 

Centrins are localised to the centriole/pericentriolar 
material[24, 25] and are involved in microtubule 
severing[26]. Centrins have a variety of roles within 
the cell[27]. CETN2 is required for 
centriole/centrosome duplication and plays a role 
in organising the microtubule network around the 
centrosome[28]. Involved in photoreceptors where 
it interacts with Transducin, CDK2 and in the 
assembly of Centrin and G-protein complexes[29], 
Involved in DNA damage recognition and 
repair[30]. Interacts with CP110[31] and localises to 
fibrous striated rootlets connected to basal 
bodies[32]. 

Localises to the distal (+) end of the 
basal body, and proximal centriole 
coating the outer surface and inner (+) 
end surfaces at the beginning of S-
phase[22]. 
 
Centrin-2 is involved in the nuclear 
pore where it plays a role in mRNA and 
protein export[33]. 
 

CEP152 Depletion of CEP152 prevents centriole replication 
and leads to loss of SAS6. Co-localises with and is 
phosphorylated by PLK4[34]. Scaffolds PLK4 and 
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CPAP to regulate centrosome duplication[35]. 

CEP192 Regulates peri-centriolar material recruitment, 
where it may act as a γ-TuRC scaffold for MT 
nucleation and spindle formation[36]. Interacts with 
Aurora-A for spindle assembly[37] 

 

NEDD1 NEDD1 is responsible for targeting the γ-TuRC 
complex to the centrosome, is involved in centriole 
replication and spindle assembly[38]. 

 

NEDD8 (Suspected in the 
centrosome) 

Responsible for Katanin degradation[39] and p53 
localisation[40]. 

 

NEDD9 Interacts with Aurora-A[22], involved in integrin 
signalling)[41]. 

Involved with Alzheimer’s disease[42]. 

p53 Functions as a regulator of cell cycle and tumour 
suppressor. Loss of centrosome integrity causes 
p38-p53-p21 dependent G1-S-phase arrest[43]. 
Some p53 localised to the centrosome[22].  

Interacts with a large number of 
complexes. 

HEF-1 Focal adhesion scaffolding protein involved with 
activation of Aurora-A and NEK2[44], where HEF1 
dependent Aurora-A activation induces ciliary 
disassembly[45].  

 

CDC14B Phosphatase involved in ciliary length control[46].  

FOR20 Contains a LIS-1 domain, identified in centrosomes 
and pericentriolar satellites where it is involved in 
ciliogenesis. Possibly involved with the interaction 
of PCM1 satellites with microtubules and their 
motor proteins[47]. 

 

FOP Similar in homology to OFD1 and FOR20, FOP co-
localises with PCM1 in cell cycle, and might be a 
satellite cargo protein. Inhibition of FOP inhibits 
primary cilium formation[48]. 

FOP-FGFR1 involved in 
myeloproliferation disorder[48, 49]. 

CEP37 Localises to distal tip of axoneme and distal end of 
basal body[50]  

 

CEP128 Localises subdistally to the basal body and possibly 
to the satellites[50] 

 

   

   

Golgi Complexes   

MT Anchoring GMAP210 targets the γ-TuRC to the cis-Golgi 
membranes functioning as a secondary MTOC, 
nominally to the cytoplasmic Golgi face, and is also 
required for Golgi ribbon formation[51]. 
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Appendix II: Rab-GTPases - Ciliary and Golgi Function 

 

RAB Member Cellular Location Interactions 

RAB1 Endoplasmic Reticulum/Golgi Required for transport between ER and Golgi[1, 2, 3] involved in 
pre-Golgi endoplasmic to Golgi Intermediate compartment 
ERGIC[4, 5]. Regulates calcium signalling receptor (hCaR)[6]. RAB1A 
is involved in microtubule anterograde melanosome transport[7]. 
Interacts with the GM130 effector complex regulating COPII vesicle 
cis-Golgi tethering[8]. 

RAB2 Endoplasmic Reticulum/Golgi Essential for the maturation of pre-Golgi intermediates[9], 
regulates vesicle trafficking between the endoplasmic reticulum 
and cis-Golgi network[10, 11]. Involved with the endoplasmic 
reticulum and the Golgi[5] where it is required for pre-Golgi 
maturation[9] and Endoplasmic Reticulum-to-Golgi Intermediate 
compartment ERGIC[4]. 

RAB3A Secretory vesicles RAB3 modulates the activity of the fusion machinery by controlling 
the formation or the stability of the SNARE complex[12] and 
regulates vesicle fusion[13-15]. Involved with KIF1 motors[16]. 

RAB3D trans-Golgi vesicles Associated with a subset of post-trans-Golgi network vesicles not 
involved with the endosome or lysosome[17]. 

RAB4 Endosome (early)[20] Rab4 and Rab11 regulate the recycling of angiotensin[18, 19]. Rab4 
regulates KIFC2 activity[20], interacts with KIF3[20-22] and 
interacts with KIF3B[22, 23]. Involved in plasma membrane 
recycling[24]. Rab4, and Rab5 are important in early regulation of 
endosome trafficking while Rab7 is involved with the late 
endosome[25]. Interacts with DYNC1LI1[22]. 

RAB5A*[39] Clathrin coated pits/membrane Functions for internalisation. Rab5A and Rab7 are lysosomal co-
regulators and catalysts[26]. Rab4, and Rab5 are important in early 
regulation of endosomal trafficking while Rab7 is involved with the 
late endosome[27]. 
Rab5 is vital for endosomal biogenesis[27], while clathrin and 
Rab5 are required for endocytosis[28, 29]. 

RAB5C*[39] Endosome (early) Wnt11 mediates cell adhesion through Rab5C and E-cadherin, a 
key regulator of early endocytosis[30]. 

RAB6*[39] medial to trans-Golgi[31], Golgi 
to plasma membrane and Golgi 
to endoplasmic reticulum 
retrograde transport[24, 32]. 

Regulates recruitment of the dynactin complex to Golgi 
membranes[33]. 
KIF20A interacts with Rab6 at the Golgi, transformation to GDP 
form releases KIF20A[34] required for cytokinesis[35]. Rab6 family 
members interact with dynein light chain[36], and target 
exocytotic carriers[37]. Rab6 effectors may include dynactin, 
myosin, KIF5A/KIF5B, KIF1C, and KIF20[22, 38]. Rab6 and Rab8 are 
involved in vesicle docking and fusion for exocytosis[39]. Rab6 is 
involved with p150

GLUED
, p50

Dynamitin 
in the Golgi[23]. 

RAB7 Endosomes (late), Lysosomes and 
Phagosome[24] 

Rab7 effector protein RILP controls trafficking through late 
endosomes to lysosomes[19, 24]. Transported by the dynein-
dynactin-complex[36, 37] and are required for lysosome 
biogenesis[41, 42]. Rab4, and Rab5 are important in early 
regulation of endosomal trafficking while Rab7 is involved with the 
late endosome[21]. Interacts with dynactin[23]. Interacts with 
RILP[41, 45], CHM[46, 47] and AP-1-Clathrin adaptor.  

RAB8*[43] 
RAB8A*[44] 

trans-Golgi[20], secretory 
vesicles, Modulators of ciliary 
protein trafficking[39]. 

Rab8 interacts with Rabin and Rab11 for transport of vesicles (with 
IFT20) containing Golgi derived materials to the ciliary 
membrane[43]. Rab8a localises to the cilium and interacts with 
Cenexin/ODF2[44, 49] and CEP290 and the PCM[48]. Involved in 
macropinosome membrane trafficking and Cholera-B toxin 
trafficking to the Golgi[50]. Rab8 and Rab11 are involved in 
ciliogenesis[51]. Interacts with myosin in the Golgi[23].  

RAB9 Late Endosome and the trans-
Golgi [24] 

Regulates late Endosome size[52] and transport of vesicles to the 
trans-Golgi[53]. Required for viral replication[54]. 

RAB10*[43] Golgi sorting and endosomes[24]. 
Associates with the primary 
cilium in renal epithelium[55]. 

RAB10 co-localises with Exocyst proteins at the base of the 
cilium[55]. Involved with transport of TLR4 to the cell 
membrane[56]. Regulates glutamate receptor recycling in 
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endocytosis[57] and endoplasmic reticulum morphology[58]. 

RAB11*[43] trans-Golgi network[24], 
Endosome (early), regulates re-
cycling[60, 61]. 
Stretch activated exocytosis[61]. 

Regulates compartmentalisation of early endosomes required for 
efficient transport from early endosomes to the trans-Golgi 
network[62]. Rab11-FIP3 links Rab11-GTPase and cytoplasmic 
dynein DYNC1LI1 mediating transport to the endosomal-recycling 
compartment[63]. Rab4 and Rab11 together regulate the recycling 
of angiotensin[18]. Interacts with myosin in the recycling 
compartment[23]. Interacts with KIF3B[22]. 

RAB12 Secretory granules[64]. Regulates mTORC1 activity though degradation of the amino acid 
transporter PAT4[65]. 

RAB13 Cytoplasmic vesicles, and tight 
Junctions[66]. 

Mediates recycling of occludin[67], interacts with Kinase-A[68]. 
Involved in regulation of membrane trafficking between the 
endosome and the TGN in epithelial cells[69]. 

RAB14 Endosome (early) and the trans-
Golgi network[70] 

Involved in trans-Golgi to plasma membrane transport[24] as well 
as Golgi and endosome membrane trafficking[71]. Interacts with 
KIF16B[22]. 

RAB15 Endosome (early and 
recycling)[32] 

Inhibitor of endocytic internalisation[53]. Recycles receptors from 
the recycling endosome[72]. 

RAB17*[44] Endosome (apical recycling) Involved in recycling transport[53]. Regulates receptor mediated 
endocytosis in epithelial cells and localises to the recycling 
endosome[73]. 

RAB18 Endoplasmic reticulum, Golgi and 
Endosome[73-77], lipid 
droplets[78], synaptic 
granule[78] and secretory 
granules[79]. 

Rab18 and Rab43 are involved in ER-Golgi trafficking, Rab43-T32N 
redistributes Golgi elements to ER exit sites. Rab43 redistributes 
the p150(Glued) subunit of dynactin, consistent with a specific role 
in regulating association of pre-Golgi intermediates with 
microtubules[74, 4]. Loss of Rab18 function causes Warburg-micro 
syndrome[81]. 

RAB20 Epithelial specific Associated with dense apical tubules[53]. Regulates phagosome 
maturation in macrophages[82]. 

RAB21 Early endosome[83]. Involved in cell adhesion and endosomal recycling of integrin 
receptors[84]. 
Regulates cell adhesion and controls trafficking of β1-integrins[84]. 

RAB22 Endosomes (late and early)[85], 
Rab22B involved in trans-Golgi 
membranes[86]. 

Affects the morphology and function of endosomes[85], with 
Rab22B being involved in trans-Golgi membranes[86]. 

RAB23*[43, 44] Cilium, also locates to the Plasma 
Membrane, Endosome (early) 
and Endocytic pathways[24].  

GTPase[87] involved in signal transduction, essential negative 
regulator of Sonic HedgeHog[88, 89]; involved in 
organogenesis[90]. Rab23 regulates Smoothened levels[91] and 
has a role in planar polarisation[92]. 

RAB24 cis-Golgi[93], Endoplasmic 
Reticulum and Endosome (late), 
and the Autophagosome[86]. 

Involved in protein trafficking pathways and may function in vesicle 
transport[94]. Involved in cell division[95]. Involved with Rab7 and 
Rab23 in the autophagosome[86]. 

RAB25 Endosome(late), recycling 
endosome[24, 86]. 

Apical re-cycling [24, 53, 96]. Regulates metastasis and invasion in 
gastric, head and neck cancers[95, 98]. Rab25 is associated with 
α5β1-integrin in invasive migration[99]. 

RAB26 Golgi derived trafficking, 
secretory vesicles 

Involved in transport of G-coupled α2-adrenergic receptors from 
the Golgi[86, 100]. 

RAB27 Melanosomes, apical plasma 
membrane vesicles and secretory 
granules[86, 101] 

Involved in regulated secretion and membrane trafficking[88]. 
Interacts with Slac2 and myosin-Va for transport[24, 101]. Rab27A 
and Rab27B control components of the secretory exosome 
pathway[102, 103]. Prenylation of Rab27A may play a role in 
degeneration of photoreceptors[104]. Interacts with myosins and 
Rab27A[105] in the melanosome[23]. Interacts with KIF5[22]. 

RAB28 Basal body and ciliary rootlet Involved in autosomal recessive cone-rod dystrophy and macular 
degeneration. Localises to basal body and ciliary rootlet[106]. 

RAB30 Golgi Localises to the Golgi where it is required for Golgi integrity and is 
involved in control of morphology[107]. 

RAB31 trans-Golgi network[20] Rab31 levels possibly modulate breast cancer cell matrix adhesion 
and invasive capacity[108]. 

RAB32 Mitochondria and 
melanosome[81]. 

Involved in apoptosis, and targeting PKA to endoplasmic reticulum 
and mitochondrial membranes[109]. Rab32 and Rab38 are 
involved in melanosome biogenesis[110] and post Golgi 
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Appendix III: Kinesin and Dynein Microtubule Motors 

 
3.1 Kinesin Motor Proteins 
 

Kinesin Kinesin-like protein KIF Interacts with/function Importance/Known Disease(s) 

KIF1A Axonal vesicle transporter[1], synaptic vesicle transport and 
binding[2]. 
Anterograde motor, one of the faster, with a velocity of 1.2 
microns/second[1]. Interacts with synaptic vesicles[3], Rab3A[1] 
and Liprin-α (integrin matrix interactions/focal adhesions)[4, 5]. 

Hereditary spastic paraparesis[6], 
neuropathies and neuroblastoma[7]. 
KIF1A and KIF1B mediated transport of 
the Rab3A[8] regulator 
DENN/MADD[9]. 

KIF1B Interacts with glucose transporter binding protein[10], and is 
involved in synaptic vesicle precursor transport[12]. KIF1Bα 
involved with mitochondria localisation[13] scaffolding proteins 
S-Scam[14] and PSD-95/97[12]. 

Charcot–Marie–Tooth disease (type 
CMT2A)[12]. 
 

KIF1C Involved in the transport of α5β1 integrins and in cell 
migration[15]. 

Possible effector of Rab6[16], Rab6A 
and Rab6B[9].  

KIF2A Kinesin-13 members are involved in interphase microtubule 
depolymerisation[19]. Role in mitosis[11], a vaccinia viral 
target[18], KIF2A, B and C proteins have distinct roles in 
mitosis[19]. 

KIF2 role in Schizophrenia[20]. 
 

KIF2B Required for successful chromosome segregation[21].  KIF2A-C assist in destabilising 
microtubules[12, 19]. 

KIF2C Anaphase centromere association, microtubule 
depolymerisation[12, 19, 22, 23]. A critical regulator of 
microtubule activity[22]. 

Found in the centrosome, involved in 
Wnt signalling[22]. 

KIF3A* KIF3A and KIF3B are part of the IFT Complex. KIF3A and KIF3C 
form a novel neuronal heteromeric kinesin that associates with 
membrane vesicles[24, 25] and retinal transport[26]. Interacts 
with dynactin sununit p150

Glued
 organising sub-distal 

appendages[29]. 

Form part of the IFT complex for ciliary 
transport. Transports Fodrin[28] and 
interacts with KDEL receptor in ER[29]. 
KIF3 interacts with Rab7[30, 31]. 

KIF3B* Interacts with the RAB4A[32] cascade, also intereacts with 
polycystin-2 and fibrocystin[33] and the SMC3 subunit of the 
cohesin complex. Intracellular movement of organelles and 
vesicles.During mitosis/meiosis moves chromosomes[25, 34, 
35]; vertebrate retinal transport[28]. Mediates interaction and 
functionality between polycystin and fibrocystin[33]. 

Lack of KIF3B results in randomised 
left-right asymmetry due to loss of 
nodal cilia generating leftward 
flow[36]. KIF3B is involved with APC 
tumour suppressor gene[37] and is also 
involved with β-catenin[12]. Interacts 
with Rab4[8, 38] and Rab11A[8]. 

KIF3C* Association with RNA granules[39], membrane vesicles[24]. Fragile X and mental retardation[39]. 

KIF4A Known to interact with BRAC2[41]; associated with 
chromosomes during mitosis[40, 42]; involved in mid-zone 
formation[43]. Localises to the nucleus during interphase where 
it associates with the DNA damage response[41].  

KIF4 is involved in neuronal 
survival[44]. 

KIF4B Organises central spindle mid-zone[43] and mid-body and is 
necessary for successful cytokinesis[42-48]. 

Involved in suppression of PARP-1[49]. 

KIF5A Known to interact with the kinesin light chain and glutamate 
receptor protein GRIP1[50]. Involved in cargo transport through 
GRIP1 binding GLuR2 of the AMPA receptor[50]. Interacts with 
Rab6A[8], Rab27A and Rab27B[8]. 
KIF5 functions in dendrites for axon vesicle transport[12]. 
 

Spastic paraplegia[51] and retroviral 
budding[52]. KIF5 and DISC2 form a 
cargo complex with LIS2, NUDEL and 
14-3-3ε[53]. Interacts with p115[54].  
Involved in vaccinia virus transport to 
apical membrane[55].  

KIF5B KIF5B is known to interact with SNARE proteins SNAP-23 and 
SNAP-25[56], YWHAH[57] and the kinesin light chain[56, 58]. 
Associated with transport of mitochondria[59] and the 
ribosome receptor[60]. KIF5 and the kinesin light chain 
transports Rab4 for endosomal function[62], also tubulin, APP 
and ApoER2 and JIP1[12]. KIF5 shows preferential binding to 
GTP-tubulin rich microtubules[63]. For a review see Hirokawa et 
al., (2008)[12]. 

KIF5 Family[62]: Involved in AMPA 
receptor transport, mRNA transport 
(KIF5A, B and C)[64], SNAP25, 
syntaxin, GluR2, GRIP1, Kinectin and 
mitochondria[65]. Involved in 
perinuclear autophagosome 
localisation in cancer cells[66]. Possible 
effector of Rab6[16].  

KIF5C Found in neurons[67], specifically motor neurons[68, 69], 
associated with (GABAA) receptor interacting factor-1 as an 
anterograde adaptor[70]. 
KIF5B and KIF5C bind to Ran binding protein two (RBP-2)[71].  

Carries M6PR and Clathrin AP1[12].  
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KIF7* Cilia associated. Involved with and mediates Sonic Hedgehog 
signalling[72, 73]. Interacts with Gli2 and Gli3 and is responsible 
for Gil3 localisation[74, 75]. 

Cancer association[72] and 
involvement with Hedgehog 
signalling[72, 75]. 

KIF9 Involved in maintaining cytoskeletal cell shape through 
interacting with Ras-like GTPase Gem[76]. 

 

KIF10 Attaches to kinetochore[77], probably a kinetochore motor.  

KIF11 Required for RanBP1 dependent centrosome fissioning, 
microtubule integrity[78]. Inhibition blocks cell cycle and can 
induce apoptosis[79]. 

 

KIF12 Expressed in the foetal liver, adult brain and in pancreatic 
islets[80]. 

Kidney, uterine, pancreatic tumour 
expression[80]. 

KIF13A Associated with the Golgi[81], transports mannose-6-phosphate 
receptor from TGN to plasma membrane through AP-1 
complex[81].  

Associated with predisposition to 
Schizophrenia[83] and RB 
oncogenesis[84]. 

KIF13B Involved with ARF6 modulation, where KIF13B binding 
suppresses activity[85]. 

Carries PIP3 and Centaurin-1α[12]. 

KIF14 Cytokinesis and mid-body formation[86], associated with 
forming spindle poles[87]; silencing disrupts cytokinesis and cell 
cycle[86]. 

Poor prognosis marker, over-expressed 
in lung tumours[87], and 
retinoblastoma[88]. 

KIF15 Mitotic processes and neuronal migration[88]. KIF15 cooperates 
with Eg5 for bipolar spindle assembly[89]. 

 

KIF16B Unique PX domain involved in endosomal anchoring and 
membrane trafficking[91]. Interacts with PIP3, EGF (and 
receptor modulating recycling) and Rab5[92]. 

Binds PIP3 containing vesicles[12]. 
Interacts with Rab5[40] and Rab14[8]. 

KIF17* Dendritic vesicle transport for receptors (NMDA[93] and 
glutamate[94]), KIF17B and RNA-binding protein TB-RBP 
transport cAMP responsive element[95], regulation of N-
methyl-D-aspartate (NMDA) receptor subunit NR2B 
transport[96, 97]. Involved in processes in the distal 
axoneme[98], has a role in learning[99] and is vital for outer 
photoreceptor development[98]. 

KIF17 may have a role in 
Catalepsy[100], opiate 
dependency[101], and Huntington’s 
disease[102]. Targets cyclic nucleotide-
gated (CNG) channel CNGB1B to the 
primary cilium in olfaction sensory 
neurons[103]. 

KIF18A Reported interaction with oestrogen and endoplasmic 
reticulum[104 105], involved in kinetochores[106]. 

 

KIF19A* Regulates ciliary length through depolymerisation at 
microtubule tips in the cilium[107]. 

 

KIF20A Interacts with RAB6A and the Golgi[16, 108, 112]. Required for 
cytokinesis and nuclear control[109-111]. RAB6-KIFL reported 
to have tissue specific expression[112]. Also known as 
Rabkinesin-6, Rab6-kinesin and RAB6KIFL[62]. 

Involved in pancreatic cancer[113]. 
Possible effector of Rab6[16], Rab6A 
and Rab6B[8].  

KIF21A Neuronal association[114]. Congenital fibrosis[114]. 

KIF21B Neuronal dendritic association[114]. Little known. 

KIF22 Known to interact with SIAH1 (ubiquitin-protein ligase E3) as 
part of the β-catenin degradation pathway involving p53-
mediated apoptosis[116, 117]. Interacts with α-tubulin and 
degrades kinesin Kid[116].  

Parkinson’s disease association. 

KIF23 Involved in cytokinesis and mid-body bridging of anti-parallel 
micro-tubules, exists in two isoforms known to interact with 
BIRC6[118] and ARF3[119, 120]. 

 

KIF24* Binds to microtubules, interacts with centrosomal CEP110 and 
CEP97 centrosomal proteins which regulate centriole length and 
ciliogenesis. KIF24 localises to the basal body (mother centriole) 
where loss of KIF24 produces aberrant cilia, and loss of CP110 
from the mother centriole. KIF24 binds to, depolymerises and 
remodels centriolar microtubules without significantly altering 
cytoplasmic microtubules[121]. 

Localises preferentiality to the basal 
body/mother centriole. Possible risk 
factor for Fronto-temporal Lobe 
Degeneration[122]. 

KIF27 Expressed in embryogenesis. Sonic Hedgehog involvement[73, 
118]. 

Expressed in melanoma. 

KIFC1 Involved in mitotic spindle[120]; associated with the nuclear 
membrane and acrosome in spermatids, as well as nucleoporin 
NUP62 and RAN-GTPase[123]. Transports dsDNA in the 
cytoplasm[124].  

Found in the centrosome. Possible 
effector of Rab6[16]. 

KIFC2[132] Cell division, localises with some axon transport vesicles and Multi-vesicular bodies[127], regulated 
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organelles[125], accumulates at the proximal and distal ends of 
the ligature[126, 127].  

by RAB4[31]. 

KIFC3[131] Minus-end directed, Golgi association in positioning and 
integration[128, 129], co-localisation with Annexin XIIIb[130] 
involved in apical transport of trans-Golgi-Network derived 
vesicles[131], expressed in morphogenesis of retina and 
RPE[129]. Involved in apical transport of Annexin XIIb where it 
localises to apical membrane processes[131]. 

Potentially involved in human retinal 
degeneration[129, 132], and Bardet-
Biedl syndrome[132]. 

KIFC4[132] Identified but role uncertain[133].  

KIFC5A? Similar in genetic coding to KIFC1. Localised to male germ cells 
suggesting role with microtubule complexes, meiotic spindle, 
manchette and flagella[134]. 

 
 

Kinesin13 Novel kinesin involved in length control of the flagellum[135].  

XKLP2 Kinesin like protein which binds to the centrosome and is 
detected upon microtubules in mitosis and during 
Interphase[136].  

XKLP2 is associated with malignant 
transformation and squamous cell 
carcinoma of the lung[136]. 

[*] Primary cilium associated[137, 138] 
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3.2 Axonemal Dynein Proteins 

 
Axonemal 

Dynein 
Dynein-like protein Interacts with/function Importance/Known Disease(s) 

DNAH1-4 Heavy Chain; Little information  

DNAH5 Heavy Chain; Involved in sperm and motile cilia 
movement[1-3] outer dynein arm protein. 

Primary Ciliary Dyskinesia-3 (also known as PCD3) and 
defects in left-right asymmetry[1, 4-6].  

DNAH6-8 Heavy Chain;  

DNAH9 Heavy Chain; involved in ciliary movement[3, 7] PCD12[4, 8]. 

DNAH10 Heavy Chain;  

DNAH11 Heavy Chain; ATP based motor involved in 
respiratory cilia[9] regulates the sub-cellular 
distribution of mitochondria[10] required for 
activation of MKK3/6 and p38 MAPKs[11]. 

PCD7. Mutations responsible for minority of cases of 
PCD[6, 12] and situs inversus, Kartagener syndrome 
and association with uniparental disomy[13], 
involvement in ectopic pregnancy[14]. 

DNAH12-
14, 17 

Heavy Chain; little information.  

DNALI1 Light Intermediate Inner dynein arm chain; 
associated with cilia in the trachea and in flagella 
of mature sperm (active dynein), in spermatids 
and spermatocytes[15, 16].  

Asthenozoospermia[6], PCD and situs inversus 
totalis[19].  
 
 

DNAHL1 Intermediate Chain;  

DNAI1 Intermediate chain; Dynein chain bridges 
between microtubule doublets and responsible 
for motion of the axoneme[17]. 

PCD1. Mutations resulting in PCD[18] also result in 
solitus or situs inversus (Karatagener Syndrome)[19] 
Links with neuroblastoma[19]. 

DNAI2 Intermediate Chain; composed of 14 exons 
located at 17q25, is highly expressed in trachea, 
testis, respiratory cilia and sperm flagella[20]. 

PCD9[20, 21]. 

DNAL1 Dynein Light Chain; Components for part of 
outer dynein arm provide ATP powered 
movement[22]  

Mutations associated with PCD[23]. 

DNAL4 Dynein Light Chain  
 
 
 

3.3 Cytoplasmic Dynein Proteins 
 

Cytoplasmic 
Dynein/Gene 

Dynein-like protein Interacts with/function Importance/Known Disease(s) 

DYNC1H1 Heavy dynein-1 heavy chain-1[24, 25]; Known to interact 
with PAFAH1B1[26] and CDC5L[27]. Involved in nuclear 
pore complex and in mediating fertilisation nuclear 
union[28], peri-nuclear aggregation[29] and in localisation 
to Golgi apparatus[30, 31]. Interacts with light chain 
component and neuronal proteins[32]. 

 

DYNC2H1* Dynein-2 heavy chain-1[33-35]; localises primarily to the 
Golgi apparatus[25] where it is involved in establishing Golgi 
organisation and identified in IFT transport[37]. Found in 
neuronal and ciliated cells[37]. For review of dynein IFT role 
see Krock et al., (2009)[38]. 

Associated with Short-Rib-
Polydactyly[39]  

DYNC1I1 Cytoplasmic dynein-1 intermediate chain-1; DYNC1I1 is 
known to interact with DYNLL1[24]; interacts with SNARE 
proteins SNAP25 and 23 and is involved in actin 
cytoskeleton remodelling[40]. It is up regulated in 
senescent cells[41]. Microtubule ending binding protein 
one EB1 associates with components of the dynactin 
complex and the dynein intermediate cytoplasmic 
chain[42].  

The Herpes Simplex Virus-1 U(L)34 
binding of viral protein VP26[44]. 
Protein binds with a cytoplasmic 
dynein intermediate chain and targets 
nuclear membrane pores[43, 44]. 
Binds viral protein VP26[44].  

DYNC1I2 Cytoplasmic dynein-1 intermediate chain-2; Acts as a 
scaffold and is involved in linking dynein to cargos and to 
adapter proteins that regulate dynein function[24, 45-46]. 

 

DYNC1LI1 Cytoplasmic dynein-1 light intermediate chain-1; important 
in linking dynein and adaptor proteins to cargoes which 

Interacts with Rab4 and Rab11A[50]. 
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regulate dynein function. Binds to organelles and 
membranes and chromosomes. Involved in transport of 
pericentrin[47]; required as a check point for spindle 
assembly, and involved in removal of MAD1L1 and MAD1L2 
from kinetochores[24, 47-49].  

DYNC1LI2 Cytoplasmic dynein-1 light intermediate chain-2; confusion 
exists with at least two isoforms known[49, 51], interacts 
with many transcription factors. 

Interacts with Rab11A[50]. 

DYNC2LI1* Cytoplasmic dynein-1 light intermediate chain-2[52] Involved in intraflagellar transport[36, 
53, 54]. 

DYNLL1 Cytoplasmic dynein light chain-1; Involved in intracellular 
transport, kinetochore and motility[24, 55, 56]. 
Components have been found to interact with myosin-
Va[57, 58], IκBα[77], p21[10, 60], neuronal nitric 
oxidesynthase (nNOS)[66] and nuclear respiratory factor-
1[62, 63]. Co-localises with TRPS1 in the cell nucleus[64]. 
Involved in the nuclear accumulation of p53 from DNA 
damage[65]. Down regulated in chondrocytes in response 
to hydrostatic pressure through mechanotransduction[66]. 

A viral target in retrograde transport 
from the plasma membrane to the 
nucleus and also involved in 
apoptosis[56]. 
 

DYNLL2 Cytoplasmic dynein light chain-2; Interacts with myosin 
Va[58, 67], Bcl-2 modification factor[57, 59, 68] and 
localises to mitochondria[69]. 

Low expression in certain cancers[59, 
71, 72]. 

DYNLRB1 Dynein light chain Roadblock-Type-1;[24, 72, 73]. Interacts with Rab6A and Rab6B[50, 
72]. 

DYNLRB2 Little information  

DYNLT1 Dynein light chain Tctex-type 1; Involved in cargo 
binding[40, 74, 75], vesicle transport[76], apical delivery of 
rhodopsin[77] (potential for ciliary transport), voltage 
dependent anion-selective channel (VDAC) ion channel and 
heat-shock protein PBP74 interaction with light chain 
Tctex-1[78], involved with neural progenitor cells where 
Tctex-1 is involved in actin remodelling during neurite 
growth[40]. 

Mutation involved in pulmonary 
hypertension through BMPR-11 and 
Tctex-1[79], Interacts with CD155 
receptor in Polio virus 
endocytosis[80] and pathogensis[81], 
binds herpes viral capsid VP26 dynein 
light chains RP3 and Tctex-1[75].  

DYNLT3 Dynein, light chain, Tctex type-3; cytoplasmic transport, 
binds with BUB3 (spindle checkpoint at prometophase on 
kinetochores)[82, 83], functions as a transcription regulator 
of Bcl-2 through binding to SATB1 (chromatin organiser and 
transcription organiser[84, 85]) in a dynein-independent 
manner[86], interacts with voltage dependent anion 
selective channels[78]. 

Bcl-2 implicated in number of 
diseases; melanoma, breast, 
prostate, lung cancer, schizophrenia 
and in apoptosis through 
cytochrome-c[87, 88]. 

For review of cytoplasmic dynein naming nomeclature see Pfister et al., (2005)[24]. 
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Appendix IV: Intra-Flagellar Transport Complexes 
 

General ICT 
Components 

Human or Equivalent Ancillary Information / Interacts with 

Anterograde Motors   

Kinesin-2 
Heterodimer 

KIF3A KIF3A constrains β-catenin/Wnt signalling through ciliary and cytosolic 
mechanisms[1]. 

 KIF3B  

 KAP, KIFAP3  

Kinesin-2 
Homodimer 

KIF17  Ciliary proteins are required to activate Kinesin-2 by docking the motor 
to the IFT complex[2, 3, 4, 5]. Involved in photoreceptor outer segment 
development, co-localises with IFT yet its full role is yet to be 
determined[6]. 

Kinesin13 KIF24 Depolymerises microtubules[7-9], role with IFT complexes unknown.  

   

Retrograde Motors   

Dynein   

  Heavy Chain DYNC2H1  

  Intermediate Chain DYNC1I1-DYNC1I2 
(WDR34)[5, 11] 

TAK1-associated suppressor of the IL-1R/TLR3/TLR4-induced NF-Kappa-
β activation pathway[11]. 

  Light Intermediate 
Chain 

DYNC2LL1  

  Light Chain DYNLL1  

   

   

Retrograde Complex   

IFT Complex A   Involved in functionally distinct zones in mechano-sensory cilia[12, 13]. 

IFT144, WDR19[14]  

IFT140 IFT140  

IFT139 THM1, TTC21B Required to restrict Sonic Hedgehog (Shh) activity[15]. 

IFT122/IFT122A IFT122, WDR10[16] Antagonises Shh pathway in the cilium, and controls ciliary localisation 
of Shh +/- regulators. Disruption results in tip accumulation of Gli2/Gli3 
while blocking functionality of TULP3. SuFu also localises to the cilium 
through IFT122[17]. 

IFT121/ IFT121B WDR35 Involved in vesicle trafficking, mutations cause short-ribbed 
polydactyly[18], required for mammalian ciliogenesis[19]. 

IFT43 IFT43  

   

Anterograde 
Complex 

  

IFT Complex B  The complex has been shown to function through the direct interaction 
of the IFT81 and IFT74/72 subunits[20]. 

IFT172 IFT172 Encoded by FLA11, Interacts with Chlamydomonas microtubule end 
binding protein (EB1), believed to regulate IFT at the ciliary tip[21, 22].  

IFT88 IFT88 (Polaris, 
T737)[23] 

Involved in G1-S-phase transition where over-expression induces 
apoptosis[24]. Involved in spindle orientation in mitosis[25]. Role in 
Sonic Hedgehog signalling[26].  

IFT81 IFT81[27] Expressed in sensory neurons, localises at the base of cilium, interacts 
and co-localises with IFT-74[28]. Interacts with basal body components, 
and CEP170, regulating disassembly of the cilium[20, 29]. 

IFT80 IFT80 (WDR56) Required for ciliary assembly and osteogenesis[30]. 

IFT74/IFT72 IFT74 (CCDC2) Involved in ciliary function[20, 28] and disassembly under shear 
stress[31].  

IFT70  Core component of IFT-B complex. Required for flagellar assembly[32] 
regulator of ciliary tubulin polyglutamylation[33]. 

IFT57 IFT57  Required for ciliary maintenance and regulates IFT Kinesin-2 dissociation 
in photoreceptors and generally required for efficient IFT transport[34]. 

IFT54 IFT54  

IFT52 IFT52, NGDS Involved in cyto-kinesis and hypoxic response[35]. 

IFT46 IFT46, C11orf60 Involved in chondrocytes, regulating BMP expression[36]. 

IFT27 IFT27, RABL4 RAB-like-GTPase- small G-protein involved in cell-cycle control[37, 38]. 
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Appendix V: 

Kinesin and Dynein Motors Responsible for Organelle Processes and Transport 

 

Organelle Transport Configuration Ancillary Information 

  Possible reaction components 

Endoplasmic 
Reticulum 

Positioning involves kinesin-light-chain (kinesin-1)[1]. 
Trafficking involves dynein and dynactin associating with 
vesicles[2, 3]. Kinesin light-chain-1B[1] may be involved 
in ER-tubular extension and motility[4]. 

Rab18[5]. 

 ER Sub 
Compartments 

Kinesin[6] couples ER sub-compartments to 
microtubules though interaction of COPII vesicles with 
dynactin and dynein[7], as well as being involved in bi-
directional vesicle transport in dendrite sub-
compartments[6].  

Rab18[5]. 

 ER Exit Sites to 
Golgi 

Kinesin-2, KIF5B and KIF1C[1, 6, 8, 9] are required for bi-
directional motility of materials at ER exit sites and for 
efficient ER-to-Golgi transport. Dynein and dynactin are 
required for effective ER exit site transport and traffic to 
the Golgi[10, 11].  

COPII transport processes[1]. The 
Xklp protein subunit is involved in 
ER-Golgi transport[1,10]. Rab1[5]. 

 Golgi to ER 
Transport 

Involves KIF5 and dynein/dynactin[1]. Bicaudal-D 
regulate COPI-Golgi-ER transport by recruiting the 
dynein-dynactin motor complex[1, 2, 12].  

COPI transport processes[1], where 
kinesin-2 is involved in recycling[13]. 
Rab2[5]. 

Golgi Apparatus 
 
(Golgi Positioning) 

Positioning of the Golgi requires mysosin II, VI[14], KIFC3 
and dynein/dynactin[1, 15]. Transport processes require 
KIF5, KIF20 and KIF24A[2, 16], KIFC3 (kinesin-14B)[17] 
and dynein heavy chain-1a [18, 19]. Golgi regulation 
through GTP binding CDC42 for regulating dynein 
recruitment to COP1-coated vesicles[3]. KIF13A is 
associated with the Golgi stacks[20].  

Rab1, Rab6, Rab8[14], Rab33, 
Rab40[5, 16]. 
Rab34 is a novel component involved 
the Golgi secretory pathway[21].  

Golgi Intermediate 
Compartment 

Kinesin-2 (KIF3A and either KIF3B or KIF3C)[22] and 
dynein (heavy-chain-1a) are believed to move the 
endoplasmic-reticulum-Golgi complex towards the 
centrosome[19].  

Dynein dependent viral transfer from 
ER to Golgi[23]. 

trans-Golgi Network 
to Plasma 
Membrane 

Secretion pathways to the apical plasma membrane of 
epithelia involve myosin, KIF1A (kinesin-3), KIF1B 
(kinesin-3), KIFC3 (kinesin-14B)[24,25], KIF5C (kinesin-1), 
KIF13A[4], KIF17 (kinesin-2), dynein and dynactin, while 
basolateral membrane transport involves myosin I, 
KIF1A, KIF5B (kinesin-1), KIF5C, KIF17, dynein and 
dynactin, with GTPase Rab8 [1, 2, 5, 26]. KIF17 is also 
involved in the cilium[26]. 

TGN to membrane trafficking and 
membrane fusion is still poorly 
understood. Rab3, Rab8, Rab26, 
Rab27 and Rab37 are involved in 
vesicle trafficking[5].  

trans-Golgi Network 
to Endosome 

Secretory endosomal trafficking involves KIF5B (kinesin-
1)[1], KIF13A (kinesin-3)[27] and mysosin Ib[1]. 
Recycling endosomes and the TGN utilise KIF3B and 
dynein/dynactin[1, 28]. Involves dynein, dynactin and 
Nexins (NX1-6), with SNX5/SNX6 interacting with the 
p150

Glued
 component of dynactin[29].  

SNX1 interacts with the proposed 
TGN-localised tether Rab6 
interacting protein-1[29]. 
Rab22[5]. 

Golgi to 
Endoplasmic 
Reticulum transport 

Little is known about regulation of the ER to Golgi 
transport intermediates and their microtubule 
interactions[30, 31]. Involvement of KIF5B (kinesin-
1)[31,32], kinesin-2, KIF1C (kinesin-3), dynein[8], myosin 
II and dynactin[1].  

Rab2[5]. 

Golgi Derived 
Vesicles  

Kinesin-2[26] with dynein and dynactin are associated 
with COPI vesicle transport[3]. 

Rab22 and Rab37[5]. 

Lysosomes KIF3A, KIF1B and KIF5B with dynein and dynactin are 
involved in positioning[1]. KIF2β[33], KIF3A[22], 
KIF5[34], KIF5B (involved in Lysosome distribution)[35, 
36], with kinesin-2[22] and dynein[37]. Arl8 and SKIP 
link Lysosomes to kinesin-1[38].  

Huntington protein mediates dynein 
positioning of Endosomes and 
Lysosomes[39]. Rab7[5]. 

Late Lysosomes Involvement of kinesin-2 (KIF3A and either KIF3B or 
KIF3C)[29], and dynein[37]. Dynein transfers late 

Interacts with spectrin, dynactin, and 
ORP1. Activation by Rab7[40]. 
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Endosomes after interaction with β-Spectrin which 
requires lysosomal protein Rab7-RILP and ORP1L[40].  

Endosomes Endosome bidirectional microtubule transport involves 
kinesin-3, with dynein, dynactin and Lis1 accumulating 
at the microtubule (+) ends as a reservoir of inactive 
retrograde motor complexes[41]. KIF1A[40], KIF5B and 
KIFC1[41], KIFC2[7] and cytoplasmic dynein have a role 
in signalling[42, 43] as well as KIF3A/kinesin-2[1, 22] and 
are required for retrograde endosome motility[39]. 
Rab7 controls (-) end directed motor complex with 
dynein/dynactin[40].  

Rab7 mediates fusion between Early 
and Late Endosomes, and the Late 
Endosomes with Lysosomes[44]. 
Involves Rab7-RILP-p150

Glued
[40]. 

 Early Endosomes Positioning involves myosin 1b, KIF5B (kinesin-1), 
kinesin-2, KIF16B (kinesin-3)[45], dynein/dynactin[1], 
where dynein binding controls motility[46]. Involvement 
of KIFC2[47, 48], KIF16B[45], KIF3A and dynein[46, 47]. 
Dynein and dynactin participate in the Early 
Endosome[50, 51] with dynein required for sorting and 
morphogenesis[51]. Early endosome endocytotic 
recycling in the TGN involves myosin, KIF3B, 
dynein/dynactin[1]. Early Endosome endocytotic 
dynamics involve KIF3A, KIFC1, KIF5B, and myosin[1]. 

Rab4 controls entry into the 
endocytotic pathway [5, 52]. 
Involvement of Rab5[1], Rab4, 
Rab22, Rab21 and Rab15[5]. 
 
KIF16B is involved in endosomal 
anchoring[53]. 
 

 Late Endosomes Positioning involves KIF3A (kinesin-2), KIF1B (kinesin-3), 
KIF5B (kinesin-1) and dynein/dynactin[1] as well as 
Kinesin-1, KIF2B and dynein/dynactin[1]. KIF3A is 
needed for both Late endosome and for Lysomes, but 
not for Early or Recycling endosomes[7]. Kinesin-2 
(KIF3A and either KIF3B or KIF3C)[22] and dynein[37] 
are involved in late endosomal trafficking and are 
required for receptor sorting and the morphogenesis of 
the early endosome[51]. Late endomosome/lysosome 
dynamics require myosin VIIa, kinesin-1, KIF2B and 
dynein/dynactin[1]. 

KIF2B involved in mitotic fidelity and 
progression[54]. 
Rab7 and Rab9 are located in the late 
endosomes[5, 49]. 

Endosomal 
Anchoring 

KIF16B is involved in receptor recycling[43, 45], while 
dynein is also required for receptor sorting and 
morphogenesis[51]. 

 

 Endosome 
Recycling 

KIF3[36] is responsible for Endosome delivery while 
dynein and dynactin are involved in retrograde 
recycling[1, 55]. Dynein/dynactin activity is regulated by 
the IKK ε-Kinase and KIF5B (kinesin-1)[1]. Endosome to 
Golgi transport sorting occurs via Nexin-1 and 
phosphoinositides[29]. Positioning involves KIF5B and 
dynein/dynactin[1], and KIF2B, myosin V and 
dynein/dynactin are involved in endosomal and 
lysosomal dynamics[1]. 

Rab11-FIP3, Rab15 and Rab35 are 
required in recycling endosomes 
while Rab15, Rab17 and Rab25 are 
found in apical recycling [1, 5, 47]. 
 

Endocytotic Vesicles Kinesis-1 (KIF1) and KIFC2 (regulated by Rab4) are 
involved in transfer and fissioning of endocytotic 
vesicles[47, 48]. Late stage vesicles require dynein and 
kinesin for transport[48] and are closely associated with 
dynein, dynactin, Rab7, and KIF3A[48]. Ligand 
containing endocytotic vesicles interact with the 
microtubule cytoskeleton via dynein[56]. 

Involvement with Rab5, Rab15, 
Rab33[5] 

Vesicles KIF3A, KIF3B and KAP3 have a role in dendritic vesicle 
transport[4], while KIF5B and KIFC1 are required for 
motility and fission of early endocytic vesicles[7]. KIF4 is 
implicated in anterograde vesicle transport[57]. 

GLUT4[49] vesicles associated with 
Rab8, Rab10 and Rab14. Golgi 
vesicles with Rab3, Rab26, Rab27, 
and Rab37[5]. 

*For a review of the cytoskeletal pathways involved in organelle positioning, secretory and endocytic pathways and the 
cytoskeleton see Anitei et al., (2010)[1] and Hirokawa et al., (2010)[36]. 

Melanosomes Movement involves myosin V[14], kinesin[58], KIF5, 
KIF3[2], and dynein[59], which co-localises with the 
Melanosome[60]. 

Regulated by RAB1A [61], 
RAB27A[44, 62], RAB32 and 
RAB38[5].  

Pigment Granules  Kinesin-2[63] with Dynein has a role in centrosome 
independent microtubule organisation for 
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transport[59], and also in dynein-dependent nucleation 
of microtubules and pigment transport[63]. 

Podosomes 
   

KIF1C (kinesin-3 family) and dynein[64]. Involvement 
with MMPs and Golgi derived vesicles[64]. KIF9 is 
involved in regulating matrix breakdown in macrophage 
podosomes[65]. 

KIF1C binds myosin providing linkage 
to the actin cytoskeleton[64]. 

Desmosomes Kinesin-1 and -2 members are needed to assemble 
Desmosomes whereas cadherins require kinesins 
(KIF3A), which are involved in their assembly[66]. Lis1, 
Ndel1, and CLIP170 are involved in microtubule 
organisation for cortical desmosomes[67] that are 
controlled by centrosomal proteins[68]. 

Lis involved with Nudel at mother 
centriole[69]. Lis1 regulates 
osteoclast formation and interactions 
with Plekhm1 and 
dynein/dynactin[70]. 

   

Nuclear Membrane 
/ Nuclear Matrix 

Bicaudal D2, dynein, and kinesin-1 are associated with 
nuclear pore complexes[71] with kinesin-1 and dynein 
also being involved in nuclear transport[72] and the bi-
directional migration of nuclei[73, 74]. KIF4[75], kinesin-
1-light-chain Klc1/2 also transport viral capsids[76].  

Bicaudal-D2 is involved in regulating 
centrosome and nuclear positioning 
during mitotic entry[71, 77]. Viral 
targeting the nucleus with 
dynein[78].  

 Nuclear Processes Dynein and kinesin-1 are involved in moving[79] and 
rotating[80] the nucleus, with kinesin-1 involved with 
the pore complex[71]. KIF9 is involved in centrosome-
nucleus positioning[81]. 

UNC-83 coordinates kinesin-1 and 
dynein for nuclear migration[79]. 

Cell Membrane  Dynein is required to localise apical membrane protein 
Crumbs and is involved in apico-basal polarity[82]. Also 
involved in the immunological synapse[83]. Kinesin-5B 
is necessary for delivery of membrane and FcγR 
mediated phagocytosis[84]. Dynein regulates immune 
synapse formation in T-cells where the MTOC is involved 
in transport of membrane receptors [83, 85] 

Macropinosome utilises Rab5 and 
Rab34, the early phagosome Rab5, 
Rab14 and Rab22, with caveoli 
utilising Rab5[5]. 

Focal Adhesions KIF1A is associated with Liprin-α1, which influences the 
distribution of β1-integrins, stabilising their presence at 
the cell surface[86, 87]. Kinesin-1 modulates substrate 
adhesion through microtubule targeting[88], while the 
dynein intermediate chain is involved in focal adhesion 
dynamics[89]. Osteocyte cilia respond to fluid flow by 
increasing focal adhesions and AKT signaling 
pathways[90]. 

Kinesin transport is associated with 
cell adhesion processes[91]. 

Matrix Interactions KIF5B and KIF3A/KIF3B drive MT1-MMP surface 
expression, CD44 shedding and matrix degradation in 
macrophages[92]. 

 

   

Cilium / Basal Body KIF3, KIF17[26], KIF7[93]) and KIF24 (Interacts with 
CP110 and CEP97)[94]. 

Rab8, Rab17 and Rab23[5]. 

 Intra Flagellar 
Transport 

KIF3A, KIF3B[26], DHC1b[95] are involved with the 
cilium[96], specifically the heavy chain DHC1B[97] and 
light intermediate chain D1BLIC[98]. 

See Appendix III for ciliary 
associated kinesin motors. 

 Sonic Hedgehog KIF7[99, 100] promotes HedgeHog signalling[101, 102] 
in growth plate chondrocytes by restricting the 
inhibitory function of SuFu[93] and interacts with Gli 
transcription factors controlling proteolysis and 
stability[103]. 

 

RNA Transport KIF5 is involved in mRNA transport[104-106] (KIF5B and 
KIF5C are part of the RAN-BP2 complex[107]). RAN-BP2 
is reported to be an activator of KIF5B[108]. RNA 
granule traffic is reported to occur through KIF3C[109] 
and dynein[110], while multiple kinesins are reported to 
transfer RNA cargoes in Oocytes[111]. KIF17B and TB-
RBP transport cAMP regulator-RNAs in male germ-
cells[112]. RNA localisation sequences regulate 
dynein/dynactin copy number for transcription 
cargoes[113], where transport can be mediated by 
dynein[114]. 

RNA binding occurs selectively via 
Egalitarian to the dynein motor[110]. 
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DNA transport KIFC1 transports double-stranded DNA[115].  

Cell Cycle Related Kinesins (KIF23[116]), and dynein[117] have a role in cell 
division[118]. CLIP170 is transported by kinesin and 
controls dynein activity, including microtubule 
stability[119]. 

KIF23 implicated in glioma cell 
division[116]. 

Mitotic Processes Many motors are involved in nuclear processes[120], 
including nuclear breakdown[74]. Kinesin KLP-18 is 
required for the mitotic spindle[121]. KIF4A is involved 
in chromosomal segregation[75]. Bicaudal-D2, dynein, 
and kinesin-1 regulate the centrosome and nuclear 
positioning during mitotic entry[71]. 

 

Centrosome   

Centrosome 
Tensegrity 

Dynein is involved in centrosome dynamics[122], where 
it regulates dynamic positioning and provides the 
appropriate cytoskeletal forces for the centrosome in 
interphase cells[122,123]. Bicaudal-D2, dynein, and 
kinesin-1 are additionally involved in centrosome 
positioning[71].  

Forces may be transduced via the 
cytoskeleton to the 
nucleus[124,125]. 

Ciliogenesis  CRB3 and CRB1 are localised to the cilium end for 
formation. Crumbs-associated Par3/Par6/aPKC ‘polarity 
cassette’ localises to the cilium and regulates 
ciliogenesis. Both CRB3 and the ‘cassette’ polarity 
proteins associate with KIF3 (kinesin-II)[126]. 

 

Peri-Centrosomal 
Vesicle Recycling 

Recycling in the peri-centrosome compartment involves 
myosin Vb, whose tail interacts with Rab11A, Rab11B 
and Rab25[127]. ARF GTPase protein ASAP1 interacts 
with Rabb11 and FIP3 regulating pericentrosomal of the 
recycling endosome[128]. 

 

Others   

Mitochondria   KIF1B[130-132], KIF5, KIF5B[129, 133], and dynein[129, 
134]. 

Rab32[133]. 

Multi-vesicular 
bodies 

Involves KIFC2[48, 135] and dynein which are required 
for maturity progression [136]. 

 

Synaptic vesicles KIF1B (Charcot-Marie-Tooth syndrome)[137] and 
dynein, where loss of function of dynein is implicated in 
Alzheimer’s Disease[138]. 

Charcot-Marie[137] and Alzheimers 
disease[138].  

Cyto-skeletal shape KIF9 interacts with GTPase Gem is involved in 
cytoskeleton remodelling[139] and couples the 
centrosome to the nucleus[140]. 
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Appendix VI: A Select Review of Tomography and Modelling 

 
6.1 Overview of Select Tomography Studies on Matrix, Cilia, Flagella, Cytoskeleton and Organelles 

 

Structure Tomography Investigation 

Extracellular Matrix Proteoglycan complexes and collagen architecture in Sly Syndrome, Young et al., (2011)[1]. 
Interactions between collagen and proteoglycans (2010) bovine cornea[2]. 
Imaging of extracellular matrix polymers of collagen fibrillin microfibrils, Baldcock et al., 
(2002)[3].  
Reconstruction of collagen bundles, Starborg et al., (2008)[4]. 

The Primary Cilium Tomography of the primary cilium, basal body and matrix in Gallus gallus chick sternal 
cartilage. Details of the matrix of proteoglycans and collagens interacting with the ciliary 
membrane. Jensen et al., (2004)[5]. 

Motile Axoneme 
Components 

Structural analysis of cilia/flagella by cryo-electron tomography, Bui et al., (2013)[6]. 
Chlamydomonas (9+2) axoneme architecture in detail by Lin et al., (2012)[7]. 
Structural arrangement of dynein motors in the Chlamydomonas axoneme, Bui et al., 
(2012)[8]. 
Chlamydomonas microtubule doublet structure and dynein-I1 interactions, Heuser et al., 
(2012)[9]. 
Tetrahymena cilia structure in comparison to Chlamydomonas and sea urchin sperm, Pigino 
et al., (2012)[10]. 
Trypanosoma brucei flagellum, Höög et al., (2012)[11]. 
Radial spokes of (9+2) cilia and flagella, Pigino et al., (2011)[12]. 
Microtubule doublets in flagellar, Nicastro et al., (2011)[13]. 
Chlamydomonas reinhardtii structure of flagellar inner and outer dynein arms, Movassagh 
et al., (2010)[14]. 
Tomography and model of Leishmania mexicana amastigote flagellum, demonstrating 
flagella tip interaction Gluenz et al., (2010)[15]. 
Asymmetry of Chlamydomonas flagella inner dynein arms, Bui et al., (2009)[16]. 
Molecular architecture of inner dynein arms of Chlamydomonas reinhardtii Bui et al., 
(2008)[17]. 
Chlamydomonas outer dynein arms, Iskikawa et al., (2007)[18]. 
C. reinhardii microtubules and outer dynein arms, Oda et al., (2007)[19]. 
Axoneme microtubule architecture details, Nicastro et al., (2006)[20]. 
Microtubule doublets of sea urchin Strongylocentrotus purpuratus by Sui et al., (2006)[21]. 
Sea urchins flagella, Arbacia lixula by Nicastro et al., (2005)[22] 
Outer dynein arms of the Monarthopalpus flavus sperm axoneme, Lupetti et al., (2005)[23]. 
Axoneme microtubules McEwen et al., (2002)[23]. 
Reconstruction of a (9+2) axoneme from thick sections McEwen et al., (1986)[25].  

Intra Flagella Transport  Analysis of IFT particles in situ (2009) in Chlamydomonas reinhardtii, Pigino et al., 
(2009)[26]. 

Centrosome Microtubule and γ-tubulin structure of the centrosome of C. elegans, O’Toole et al., 
(2012)[27]. 
Murine CD4+ T-cell synapse, with Golgi located in proximity to centrosome, Ueda et al., 
(2011)[28]. 
Chlamydomonas reinhardtii centrosome, basal body, transition zone, alar sheets, doublets, 
y-shape linkers. O’Toole et al., (2007)[29]. 
Detailing structurally different microtubule ends of the centrosome of Caenorhabditis 
elegans, O'Toole et al., (2003)[30]. 
High-voltage electron tomography of spindle pole bodies and early mitotic spindles in the 
yeast Saccharomyces cerevisia, O’Toole et al., (1999)*31+. 
Centrosome of early Drosophila embryos, Mortiz et al., (1995)[32] 

Peri Centrosomal Matrix O’Toole et al., (2012)*26+ and Moritz et al., (1995)*33+.  

Basal Body 
 
 
 
 
 
 
 
 

Chlamydomonas reinhardtii basal body and triplets, Esparza et al., (2013)[34]. 
Motile basal body, basal foot structure and alar sheets in motile cilia, Kunimoto et al., 
(2012)[35]. 
Basal body and triplet architecture revealed by cryo-tomography, Li et al., (2011)[36]. 
Tetrahymena thermophila transition zone basal body, Giddings et al., (2010)[37]. 
Tomography of the human centriole detailing basal appendages, microtubule triplets and 
internal luminal components, Ibrahim et al., (2009) [38]. 
Structures of the microtubule axoneme, y-shaped linkers, alar sheets and basal body in 
Chlamydomonas, O'Toole et al., (2003)[39]. 
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Centriole  

 
Human procentriole formation and assembly, Guichard et al., (2010)[40]. 

Transition zone Basal bodies in Tetrahymena thermophila, Giddings et al., (2010)[37]. 

Alar Sheets Transition zone fibres by Kunimoto et al., (2012)[35]. 
O’Toole et al., (2007)*30+. 

Basal Appendage Structural detail of basal foot Kunimoto et al., (2012) [35].  

Microtubules 
 
 
 
 
 
 
 
 
 
 
 
Microtubule Associated 
Proteins (MAP) 
 
γ –TuRC / γ –TuSC 
 
 

Microtubule associated TIP proteins, Höög et al., (2013)[41]. 
Microtubule structure in Ashbya gossypii, Gibeaux et al., (2012)[42]. 
Growing microtubule ends in yeast, Höög et al., (2011) [43]. 
Microtubules in situ, review, Koning et al., (2010) [44]. 
Structural and molecular basis for microtubule mechanical properties, Sui et al., (2010)[45]. 
Lattice structure of microtubules, McIntosh et al., (2009)[46]. 
Visualization of cell microtubules in their native state, Bouchet-Marquis et al., (2007) [47]. 
Morphologically distinct microtubule ends in the mitotic centrosome O’Toole et al., (2003) 
[29].  
Mitotic spindle microtubule of Saccharomyces cerevisiae, O’Toole et al., (1999)*31+. 
Microtubule model, Nogales et al., (1999)[48]. 
 
MAP in bovine tubulin, Cope et al., (2010)[49]. 
MAP interactions, Schwartz et al., (2010)[50]. 
 
Microtubule ends in C. elegans embryos, O'Toole et al., (2009)[52]. 
Structure of the γ-TuRC, Moritz et al, (2000)[52]. 
Microtubule nucleation by γ-tubulin within the centrosome, Moritz et al., (1995)[33].  

Intermediate filaments Keratin filament networks, Sailer et al., (2010)[53]. 
Vimentin and keratin intermediate filaments, Norlén et al., (2007)[56].  
Vimentin intermediate filaments, Goldie et al., (2007)[57]. 

Actin Baculovirus induced actin polymerisation, Mueller et al., (2014)[56]. 
Amellipodium actin filaments of migrating keratocytes ,Weichsel et al., (2012)[57]. 
Networks of actin filaments in lamellipodia, Urban et al., (2010)[58]. 
Actin network in cytokinesis, Reichl et al., (2008)[59]. 
Actin filaments, Weber et al., (2005)[60]. 
Actin filaments, Grim et al., (1997)[61]. 

Golgi Apparatus  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Polarisation of the Golgi 
 

Golgi apparatus, Han et al., (2013)[62]. 
Cisternae cis-Golgi assembly, COPI and COPII vesicles, Donohoe et al., (2013)[63]. 
RabA4b and PI-4Kß1-labeled trans-Golgi network in Arabidopsis Kang et al., (2011)[64]. 
Golgi bodies, Hendersen et al., (2007)[65]. 
Tomography of ER exit sites and COPII transport vesicles, Zeuschner et al., (2006)[66]. 
Golgi structure, Review, Marsh et al., (2005)[67]. 
 
Continuities between cisternae at different levels of the Golgi complex in mouse β-islet 
cells, Marsh et al., (2004)[68]. 
Secretion induces the formation of tubular structures across Golgi sub-compartments, 
Trucco et al., (2004)[69]. 
Golgi structure and function, Mogelsvang et al., (2004)[70]. 
Evidence for continuous turnover of Golgi cisternae in Pichia pastoris, Mogelsvang et al., 
(2003)[71]. 
 
ERGIC, Golgi structure and ribbon in NRK cells, Ladinsky et al., (2002)[72]. 
Golgi region of pancreatic β-cell line, HIT-T15, Marsh et al., (2001)[73]. 
Multiple transport mechanisms through the Golgi in the pancreatic β-cells, Marsh et al., 
(2001)[74]. 
 
Golgi structure and ribbons in rat kidney Ladinsky et al., (1999)[75]. 
Tomography of the trans-Golgi and vesicle coats in NRK cells, Ladinsky et al., (1994)[76]. 
 
Polarised centrosome delivering secretory granules in the immunological synapse, 
Stinchcombe et al., (2006)[77]. 

Transport Motors 
 

Kinesin-14 microtubule interaction, Gonzalex et al., (2013)[78] 
Kinesin microtubule motor complexes, Cope et al., (2010)[49]. 
Dynein regulatory complex, Heuser et al., (2009)[79]. 

Membranes 
 

Clathrin coated pits, Milosevic et al., (2011)[81]. 
Synaptic vesicle tethers, Fernández-Busnadiego, et al., (2010)[82]. 
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Membrane Receptors 
 
 
Vesicles 

Membrane protein structure, Bartesaghi et al., (2009)[83]. 
Synaptic membrane of rat hippocampal neurons, Chen et al., (2008)[84]. 
Membrane-bound cellular organelles, O’Toole et al., (2003)*30+. 
 
Chemoreceptor arrays in Escherichia coli, Liu et al., (2012)[85]. 
Process of endocytosis, Kukulski et al., (2012)[86]. 
 
Synaptic vesicles, Raimondi et al., (2011)[87]. 
Integrin-mediated focal adhesion sites, Patla et al., (2010)[88]. 
Membrane molecular arrangement of receptor arrays, Chen et al., (2008)[89]. 

Receptor Cytosis  FcRn mediated antibody transport, He et al., (2008)[80]. 

Ciliary Pocket 
 

Vesicles in the ciliary pocket, cobblestone HUVEV cells, Geerts et al., (2011)[90]. 
Trypanosoma brucei architecture, flagellum, basal body and flagella pocket, Lacombe et al., 
(2009)[91]. 

Endoplasmic Reticulum Connections between the phagophore and endoplasmic reticulum, Ylä-Anttila et al., (2009) 
[92]. 
Organisation of the endoplasmic reticulum, Lu et al., (2009)[93]. 

Endosomal Compartment Endosomal compartment, Murk et al., (2003)[94]. 

Nuclear Pore Complexes Metazoan nuclear pore complex, Maimon et al.,(2010)[95]. 
Nuclear pore complexes, Beck et al., (2007)[96].  
Nuclear pore complexes of Dictyostelium discoideum, Beck et al., (2004)[97] 
Cryo-electron tomography, Stoffler et al., (2003)[98]. 
Nuclear pore complex, Winey et al., (1997)[99]. 

Vesicles Clathrin coated vesicles and cargo, Heymann et al., (2013)[100] 
Calthrin vesicle polyhedral protein structure, Heyman et al., (2008)[101]. 
Clathrin coated vesicles, Cheng et al., (2007)[102]. 
Coated vesicle, Zampighi et al., (2005)[103].  

Cell Cycle The Centrosome Cell Cycle, Chrétien et al., (1997) [104]. 

Further papers can be found at the University of Utrecht website, 
http://www.electronmicroscopy.nl/research/publications.html 
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Appendix VII: Animation List 

 

7.0 Animations of Data Acquisition, Processing and Modelling 

The interpretation of tomogram datasets and models derived from them is best achieved 

through direct visualisation. Included in this Appendix are a series of animations depicting the steps 

of the processes of data acquisition, processing, tomogram formation leading to the final staged of 

model construction. Movies are in Audio Video Interleave (AVI) format and supplied on the DVD 

attached. 

 

7.1 Tilt Series Data Acquisition 

A series of aligned tilt series are presented which form the imaging component of forming a 

tomogram. It is not until these tilt series are reconstructed that the quality of the information and 

structures contained within the tilt series can be established. Tilt series movies include <TiltSeriesB4-

3.avi>, <TiltSeriesK10.avi> and <TiltSeriesCulturedChondrocyte.avi> 

 

7.2 Fiducial Tracking 

Tomogram generation requires the use of gold particle fiducial markers to enable tracking 

through the tilt series to form a final stack alignment. Tracking is an iterative process to accurately 

produce a high quality stack. Tracking errors frequently occur in automated tracking processes, 

requiring careful manual inspection and correction. See <Fidtrackone.avi> and <Fidtracktwo.avi>. 

 

7.3 Stack Generation 

 Tomogram presentation is in the z-axis stack usually in nanometre increments of sequential 

two dimensional images traversing the section, as demonstrated in <StackTomogramB4.avi >, 

<StackK10.avi> and <StackD2.avi>. 

 

7.31 Stack Image Series 

Visualisation of areas of interest within the stack allows inspection of finer intricate features 

of the dataset. <StackAxoneme.avi> and <StackCentrosomeB4.avi>. 

 

7.4 Stack and Model 

Modelling occurs through manual tracing and volume rendering structures of interest as they 

are bisected by the z-axis image sets. <StackandModel.avi> demonstrates the derivation of the 

model from the stack, while <StackandModelWithRotation.avi> places the 3D makeup of the 

model in perspective with respect to the stack. 
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7.5 Model Construction 

Basic hand tracing of contour arrays outlining vesicles contained within the section making 

up the Golgi apparatus <BasicStackGolgiModel.avi> which is visualised as a basic wireframe model 

<BasicWireFrameGolgi.avi>. Once traced, each contour is inspected for accuracy 

<BasicModellingCilium.avi>. 

 

7.6 Model Interrogation 

Interpretation of model features of matrix granules < ModelofMatrixGranule.avi>, the 

Axoneme < ModelofAxoneme.avi> and the Matrix-Cilium-Golgi Continuum 

<ModelMCGContinuum.avi>. 

 

7.7 Alternative Visualisation Approaches  

A virtual microtubule based ‘primary cilium’ was extruded in Solidworks as to represent the 

anatomical features of the cilium model <SolidWorksModel.avi>. 

 

7.8 Science Learning Hub Documentary 

A mini documentary made for the Science Learning Hub ©2007-2014 at The University of 

Waikato <3DMODELOFTHEPRIMARYCILIUMMASTER.mp4>. 

 

Available online from: http://www.sciencelearn.org.nz/Contexts/Exploring-with-Microscopes/Sci-

Media/Video/A-3D-model-of-the-primary-cilium 

 

 

 

7.9 Animation Quality  

 

The .avi movie format permits modest levels of video compression, without lost of 

image quality from the original image frames. The addition of introductory titles and labels 

resulted in larger files, while post editing resulted in unnecessary lossy compression of 

animations. 

As such,videos are presented in their basic raw format, to achieve optimal viewing 

quality and translation between operating systems and video codecs. For the best performance, 

it is recommended that animation files are transferred to the computer hard drive for viewing. 
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Appendix VIII: Poster Presentations 

 

Jennings M, Parker K, Eccles M, Poole CA, McGlashan SR, Jensen CG. (2008) Fibroblast primary 

cilia in a sheep model of ARPKD. Queenstown Molecular Biology Meeting: Molecular mechanisms 

of kidney disease, QueenstownI August 31-September 3rd (Funded by a travel grant from the Maurice 

and Phyllis Paykel Trust). 

 

Jennings M, Parker K, Eccles M, Poole CA. (2009) Tomography of primary cilia in connective tissue 

cells from an ovine model of autosomal recessive polycystic kidney disease. Asian and Pacific 

Congress on Electron Tomography, Brisbane, Australia. 

 

Jennings M, Parker K, Eccles M, Poole CA. (2009) Tomography of primary cilia in connective tissue 

cells from an ovine model of autosomal recessive polycystic kidney disease. Biennial meeting of 

Microscopy New Zealand, Rotorua. 

 

*Jennings M, Poole CA, Walker RJ, Mitchell A, Easingwood R, Harland D, Walls R. (2010) Electron 

tomographic model of the Matrix-Cilium-Golgi continuum in hyaline chondrocytes. (poster) Triennial 

FASEB Summer Research Conference on the Biology of Cilia and Flagella, Vermont, USA. 

 

*Poole T, Jennings M, Walker R.J (2012) Modelling the Matrix-Cilium-Golgi continuum in hyaline 

chondrocytes by electron tomography. Cilia, 1, P39. 

 

*NB: These posters have been presented many times. 

 

Images of Nanotechnology Competition 2012 

An image was entered into the Images of Nanotechnology Competition held by The 

MacDiarmid Institute, for advanced Materials and Nanotechnology, titled ‘The Primary Cilium - a 

Cellular Nanoswitch’. It was awarded first prize, and received media attention. 
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Television Three News, coverage at the Gus Fisher Gallery, Auckland New Zealand, 2013. 

See Figure 3.41 
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'Have a great idea, one great object, and follow it and never give in until you achieve it. You will win 

in the end though you may have to wait long for it.' 

 

 

 

 

‘It is the dreamers that move the world. Practical men are so busy being practical that they cannot see 

beyond their own lifetime. Dreamers and visionaries have made civilisations. It is trying to do the 

things that cannot be done that makes life worth while. The dream of today becomes the custom of 

tomorrow.'  
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