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Abstract

Once obscure, the cilium has come into the spotlight during the past decade. It is now clear that
aside from generating locomotion by motile cilia, both motile and immotile cilia serve as signaling
platforms for the cell. Through both motility and sensory functions, cilia play critical roles in
development, homeostasis, and disease. To date, the cilium proteome contains more than 1,000
different proteins, and human genetics is identifying new ciliopathy genes at an increasing pace.
Although assigning a function to immotile cilia was a challenge not so long ago, the myriad of
signaling pathways, proteins, and biological processes associated with the cilium have now created
a new obstacle: how to distill all these interactions into specific themes and mechanisms that may
explain how the organelle serves to maintain organism homeostasis. Here, we review the basics of
cilia biology, novel functions associated with cilia, and recent advances in cilia genetics, and on
the basis of this framework, we further discuss the meaning and significance of ciliary
connections.
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INTRODUCTION: THE CILIUM TAKES CENTER STAGE

In recent years, the cilium has garnered immense attention because of the revelations of the
indispensable role that the organelle plays in regulating vertebrate development and
homeostasis. Although once considered vestigial, the cilium is now recognized to be a cell-
surface signaling center that is well conserved from single-cell eukaryotes to humans. The
organelle functions to sense extracellular factors and integrates these signals with a plethora
of downstream functions, such as signal transduction, growth, and motility (55). As the
cilium serves as the nexus of extracellular-to-intracellular signal integration, it is not
surprising that ciliary defects have been linked to numerous disease etiologies, including
polycystic kidney disease (PKD), obesity, and cancer (63).
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The first evidence that linked the cilium to vertebrate disease came from studies of
Kartagener syndrome (KS). The earliest such study, published in 1972, identified four male
KS patients that exhibited immotile sperm, frequent bronchitis and sinusitis, situs inversus
totalis, and the lack of mucociliary transport and ciliary motion due to the loss of flagellar
dynein arms (2). Despite these findings, the crucial role of the cilium in disease and
development remained poorly appreciated until proteins associated with cystic kidney
disease were found on the cilium more than twenty years later. The first of such studies
demonstrated the localization of polycystin 1 (PKD1), a protein implicated in autosomal
dominant polycystic kidney disease (ADPKD), to the sensory cilia of Caenorhabditis
elegans (11). However, the importance of this connection was not fully appreciated until it
was found that the orpk mouse, a model for autosomal recessive polycystic kidney disease
(ARPKD), contains a mutation in the ciliary gene /ft88/Polaris (115). This finding was
further supported when polycystin 2 (PKD2), the second protein responsible for ADPKD,
was found localized to renal cilia (116). In addition, genes responsible for nephronophthisis
(NPHP), a juvenile cystic kidney disease, were also found to encode proteins that localize to
the cilium (145). Finally, a genetic screen in zebrafish for mutations causing kidney cyst
formation identified multiple cilia mutants, thus providing unbiased support for the
importance of this organelle in PKD pathogenesis (138). The pleiotropic nature of cilia
diseases was best emphasized by the revelation that the causative proteins behind Bardet-
Biedl syndrome (BBS), a disorder that is characterized by the combination of polycystic
kidney disease, obesity, diabetes, blindness, and polydactyly, localize as a large complex to
the basal body and cilium (5, 104).

Over the past two decades, our knowledge of the cilium has largely been spearheaded by two
core areas of investigation: (&) biochemical and cell biological studies using the ciliated
green alga Chlamydomonas reinhardltii and () developmental and genetic studies in animal
modules. The assembly and biogenesis of the cilium has been best characterized in the green
alga, whereas the function of the cilium in signal transduction, development, and disease has
been best demonstrated in humans, mice, zebrafish, and worms.

CILIA STRUCTURE AND CLASSIFICATION

The cilium is a microtubule-based structure that has been historically classified into two
categories: matile and primary cilia. Matile cilia beat to generate fluid flow across an
epithelial surface or to propel cell movement. Although mostly immotile, the primary cilium
sits at the surface of most cells in the human body and senses physiological, chemical, and
physical cues. Primary cilia are typically found one per cell (Figure 1g), such as in the
luminal epithelium of the kidney duct. In some cases, clusters of primary cilia can be found
on one cell, e.g., on the choroid plexus of the brain. Motile cilia are more frequently found
in clusters on multiciliated cells (Figure 1/), such as tracheal cells and occasionally they are
found individually on monociliated cells, such as the embryonic left-right organizer (LRO).

Both motile and primary cilia are comprised of a membrane-bound axoneme that consists of
nine outer microtubule doublets (Figure 14). Each doublet contains two microtubule
subfibers, A and B (Figure 15). Motile cilia contain two additional inner microtubules at the
center of the axoneme, which compose the central pair and define the 9+2 axonemal
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configuration (Figure 14, #) (117). Primary cilia lack these inner microtubules and are thus
described as 9+0. Motile cilia also contain additional motors and components within the
axoneme that assist with generating movement. Among the best studied of these proteins are
the radial spokes, nexins, and outer (ODAS) and inner dynein arms (IDAS).

The proximal end of the axoneme is anchored to the cell body by the basal body, which is a
modified centriole (Figure 1¢). The ciliary membrane is a lipid bilayer that is an extension of
the plasma membrane but with a distinct repertoire of membrane and channel proteins. The
proximal region of the cilium between the axoneme and basal body is defined by the
transition zone and transition fibers, which are believed to play a critical role in regulating
traffic into and out of the cilium (Figure 14,6). Intraflagellar transport (IFT) particles and
cargo proteins have been shown to accumulate in this region as they enter and exit the cilium
via IFT movement, suggesting that the transition fibers act as a filter that separates the
ciliary compartment from the cytosol (39).

Recent progress has blurred the traditional distinction between motile and primary cilia.
Exceptions exist to the 9+0 configuration of primary cilia and the 9+2 configuration of
motile cilia. In the mouse node, a ciliated embryonic organ that establishes left-right (LR)
asymmetrical body patterning, cilia of the 9+0 configuration have been proposed to be
motile and beat in a circular motion to generate a directional flow (107). In the rabbit LRO,
9+4 motile cilia have been identified (48). Further, the choroid plexus epithelia in mice
present 9+1 and 9+0 cilia, which may be partially motile (106). The inner ear of mammals
contains hair cells with an immotile sensory kinocilium that is composed of a 9+2 axoneme
(37). Curiously, in invertebrates, motile cilia of atypical axonemal configurations, such as
14+0 and 3+0 flagella on sperm of protura and parasitic protozoans, respectively, have been
previously described (8, 122).

The functional differences between motile and primary cilia have also been questioned.
Recent reports have demonstrated that in some cell types, motile cilia also serve sensory
roles. Motile cilia of the mammalian airway epithelium, which beat to clear the lung of
contaminants, display both mechanosensation and chemosensation functions (134).
Interestingly, several classes of chemoreceptors are found on cilia of lung epithelial cells and
addition of bitter compounds elevates intracellular calcium in these ciliated cells and
stimulates cilia beating motility (134). In addition, mechanoreceptors have been shown to
localize to the flagella of Chlamydomonas. Suppression of these mechanoreceptors by
pharmacological treatment or genetic depletion results in aberrant swimming collision
behavior in those cells (53). Similarly, mechanoreceptors that serve for collision avoidance
behavior have also been found on motile cilia of Paramecium, a ciliated protozoan (72). As
the number of reports that seemingly defy the canonical classification of distinct motile and
primary cilia continue to grow, it becomes increasingly plausible that all types of cilia serve
sensory roles and that motility is an additional function in a subset of cilia.

CILIA BIOGENESIS: INTRAFLAGELLAR TRANSPORT

The assembly of the cilium is believed to begin with the nucleation and growth of the
microtubule axoneme onto the basal body, a modified centriole. Although the maturation,
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docking, and orientation of the basal body are not clearly understood, assembly of the cilium
is highly influenced by these factors (71). Further, ciliogenesis is regulated by the cell cycle
and is primarily induced during the G1 growth phase. Although initial growth of the
axoneme is believed to involve the transition zone, continued elongation is restricted to the
distal tip of the cilium and requires the transport of building proteins (71). Strikingly, the
cilium does not contain its own translational machinery and instead utilizes proteins
synthesized in the cell body to source the materials needed for construction and maintenance
of the organelle (117). The transport of these proteins into the cilium depends on the
bidirectional movement of IFT particles into and out of the cilium. IFT movement was first
described in the green alga Chlamydomonas and remains the best-studied model of IFT-
mediated ciliogenesis. IFT proteins are well conserved and required for ciliogenesis in
nearly all ciliated organisms, from protozoans to vertebrates. When the final steady state of
the cilium is reached, the IFT machinery remains active and continually turns over proteins,
such as tubulin, at the distal tip (71, 117, 124).

Molecular motors power the movement of IFT particles and their cargo up and down the
microtubule axoneme. The kinesin-2 family of motor complexes drives IFT particles toward
the distal tip, which has been called anterograde movement. The first kinesin-2 complex to
be associated with IFT was the canonical heterotrimeric kinesin-2, which was initially
identified in sea urchin eggs (32). Heterotrimeric kinesin-2 is composed of two motor
subunits, called kinesin superfamily protein 3A (KIF3A) and KIF3B, and one companion
subunit, called kinesin-associated protein (KAP) (31). Genetic and biochemical studies in
green alga, fruit fly, sea urchin, worm, and mouse have demonstrated that heterotrimeric
kinesin-2 is essential for cilia assembly and biogenesis (131). A second complex,
homodimeric kinesin-2, also contributes to ciliogenesis. Homodimeric kinesin-2 shares a
redundant function with heterotrimeric kinesin-2 in worms and has been suggested to aid
kinesin-2 in the assembly of distinct sensory cilia (131).

Retrograde movement is the return of IFT particles down the axoneme to the cell body and
is driven by cytoplasmic dynein 2 (previously named cytoplasmic dynein 1b) (119).
Cytoplasmic dynein 2 is a complex composed of four known subunits: a heavy chain
(DYNC2H1), an intermediate chain (WD34), a light intermediate chain (DYNC2LI1), and a
light chain (LC8). Genetic studies in green alga, worm, and mouse have demonstrated that
depletion of cytoplasmic dynein 2 subunits results in disrupted retrograde IFT and stunted
cilia with abnormal aggregations of IFT particles (130).

IFT particles were first purified from the flagellum of Chlamydomonas using sucrose
gradient separation methods. Two distinct IFT protein complexes were identified and named
IFT complex A and B, with each complex containing multiple proteins (33, 120). These
studies and others have revealed 6 members of IFT complex A and 14 members of complex
B. A large collection of studies from numerous ciliated organisms has revealed that IFT
proteins are well conserved, and many are functionally required for cilia biogenesis (117).
IFT complex B has been demonstrated to be important for anterograde movement, as
disruptions in complex B proteins result in the failure to build cilia. Conversely, complex A
proteins are not required for cilia assembly but seem to regulate retrograde movement (71,
117, 124). However, recent studies have revealed a more complicated picture for complex A
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components (90, 103). For example, IFT144 seems to be essential for cilia biogenesis and is
required for anterograde transport of several membrane proteins (90).

THE EXPANDING FUNCTIONS OF CILIA

Many excellent reviews have been devoted to the well-established functions of cilia in
development, disease, and intracellular signaling (4, 14,46,55,127, 132, 135). Here, we focus
on novel and underappreciated functions for the organelle that have been recently revealed.

Neuronal Signaling and Development

The cilium plays a critical role in the patterning of the developing neural tube by regulating
the Hedgehog (Hh) pathway (68). However, this may be the tip of the iceberg for the
function of cilia in neural tissues. Cilia are detected throughout the developing and adult
brain (15, 19,40,41, 60, 95). In addition, disrupting cilia biogenesis in a temporally and
spatially controlled manner in the mouse, either by conditional knockout or targeted sShRNA,
is revealing an increasing list of ciliary involvement in the brain: telencephalic patterning
(16), Hh-dependent expansion of the granule progenitor pool in the cerebellum (29), the
migration and placement of interneurons in the developing cerebral cortex (62),
hippocampal neurogenesis (22), the formation of adult neural stem cells (59), and
glutamatergic synaptic integration of adult-born neurons (83). Consistently, multiple
neuronal defects have been detected in ciliopathy patients. For example, a cerebellum
malformation is the hallmark of the ciliopathy Joubert syndrome (JS). Axon guidance
defects have also been detected in JS patients (136). Interestingly, there seems to be
anecdotal evidence linking cilia and neuropsychiatric disorders. For example, a significant
fraction of JS patients have been diagnosed with autistic disorder, and a common variant of
AHI1, aJS gene, shows significant association with autism (3). Moreover, an RNAI screen
revealed that out of 41 candidate genes associated with schizophrenia, bipolar disorder,
autism, and intellectual disability, 20 affected ciliogenesis (96).

A possible connection between cilia and neurodegenerative diseases has also been hinted at
by several studies. Keryer et al. (76) showed that Huntingtin (HTT), which has been
implicated in Huntington’s disease (HD), regulates protein trafficking to the centrosome and
controls ciliogenesis through a pathway consisting of HTT, huntingtin-associated protein 1
(HAP1), and pericentriolar material 1 protein (PCM1). Further, although deletion of Htt
resulted in reduced ciliogenesis, polyQ expansion led to abnormally long cilia (76).
However, whether ciliary defects contribute to the pathogenesis of HD remains unanswered.
More recently, the Anderson group showed that 77BK2, the causative gene of
spinocerebellar ataxia type 11, is required for the initiation of axoneme assembly (56). 7tbk2
encodes a protein kinase that binds to microtubules and phosphorylates Tau, a microtubule-
binding protein. Strikingly, 7tbk2 cells fail to make cilia, although the basal body appears to
be normal. More importantly, expression of disease alleles of 77BKZ2in wild-type cells
inhibits ciliogenesis, thus providing a more direct correlation between cilia and this disease.

Both motile and primary cilia play a critical role in the development of the brain and
neuronal tissues by regulating the cerebrospinal fluid (CSF). Primary cilia on radial glia and
choroid plexus epithelial (CPE) cells coordinate with motile cilia on ependymal cells to
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transmit a host of signaling factors through the CSF to the developing and mature brain. A
recent study demonstrated that cilia on CPE regulate the transcytosis of CSF into the
ventricle by sensing levels of the neuropeptide FF, which is secreted by CPE cells
themselves, thus suggesting a feedback mechanism in which CPE cilia act as chemosensors
to control CSF production (106). Disruption of CPE cilia results in increased CSF
production and hydrocephalus in mice (10).

Additionally, during late embryogenesis, radial glia progenitors differentiate into ventricular
ependymal cells by establishing numerous motile cilia (99, 137). Sawamoto et al. (129)
demonstrated that these ventricular cilia generate a fluid flow that establishes a Slit2
morphogen gradient in the CSF, which directs new neuron migration. Truncation or
abnormal patterning of motile ependymal cilia results in motility defects, accumulation of
CSF in the ventricles, and hydrocephalus (10). Interestingly, recent studies have
demonstrated that planar cell polarity (PCP) regulates the proper establishment of CSF flow
by coordinating the orientation of motile ependymal cilia in the ventricle (58).

DNA Damage Response

Emerging evidence has connected DNA damage response (DDR) and cilia. In an intriguing
study, Chaki et al. (28) identified MRE11, ZNF423, and CEP164 as novel NPHP genes
through the combination of homozygosity mapping and whole-exome resequencing.
Interestingly, all three are involved in DDR. In addition, multiple proteins encoded by
NPHP-related ciliopathy genes were found to colocalize with known DDR proteins to
nuclear foci in response to DNA damage. Finally, knockdown of cep164 in zebrafish led to
increased DDR (28). In a converse fashion, ATR, a protein previously known to be important
for DDR, is found in the connecting cilium of photoreceptor cells, and partial reduction of
its activity led to degeneration of photoreceptor cells in a fashion similar to retinitis
pigmentosa (141). Together, these results suggest that multiple proteins are involved in both
regulating DDR and maintaining a functional cilium. However, whether there is a causative
relationship between the two is still unclear. Our recent results in zebrafish indicate that
although DDR is increased in some cilia-associated mutants, there is no significant
difference between several IFT mutants and their wild-type siblings, thus revealing that
DDR is not intrinsic to ciliary defects (151). It is plausible that proteins involved in both
DDR and ciliary function are involved in separate pathways, both ciliary and nonciliary.

HUMAN CILIOPATHIES

Although the remarkable role of the cilium in the etiology of human disorders was first
hinted at nearly four decades ago (2), the genetic mechanisms underlying ciliopathies
remained largely elusive until the past five years. With the recent advances in high-
throughput genome sequencing technologies, numerous disease causing loci have been
identified that have provided mechanistic insight into the pathogenesis of numerous motile
and immotile ciliopathies.
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Motile Ciliopathies

Among the first diseases to be linked to the cilium are diseases caused by defective motile
cilia. Recent genetic studies of primary ciliary dyskinesia and heterotaxy have broadened
our understanding of how defective motile cilia may contribute to disease states. Further,
these findings support cilia-driven fluid flow as a crucial process during vertebrate
development.

Primary ciliary dyskinesia—Primary ciliary dyskinesia (PCD) is a rare, autosomal
recessive, genetically heterogeneous condition characterized by respiratory tract infections,
chronic sinusitis, bronchiectasis, and infertility. When accompanied with heterotaxy (Htx),
the disorder is known as KS, which accounts for more than 50% of PCD patients (49). The
underlying causes are cilia motility defects, which affect multiple organs, notably the
respiratory tract and reproductive system. The diagnosis of PCD has remained challenging
because of the phenotypic, genetic, and cilia structural heterogeneity that is associated with
the disorder. Historically, ciliary axonemal analysis by electron microscopy (EM) has been
used for diagnosis, but approximately 28% of PCD patients do not display ciliary
ultrastructural defects (73). Therefore, genetic testing has become increasingly important for
diagnosis, but the current known mutations only account for approximately 50% of all PCD
cases (87).

Recently, the application of next-generation genome sequencing has rapidly identified a
large number of new disease-causing mutations for PCD. The majority of PCD-causing
mutations have been characterized as defects in motile cilia components themselves, such as
the ODAs, IDAs, and central pair apparatus. The first PCD-causative genes to be identified,
DNAI1and DNAHS, result in ODA defects and were isolated utilizing a candidate gene
approach and homozygosity mapping (109, 118).

In addition, largely on the basis of studies performed in Chlamydomonas, it is understood
that dynein arm subunits are preassembled in the cytosol, transported into flagella and
docked onto the axoneme, although the mechanisms underlying these processes are poorly
understood (52). Genetic studies in PCD patients have identified proteins that are critical for
cytoplasmic dynein arm preassembly and axonemal trafficking, such as LRRC50, LRRCES,
DNAAF3, and HEATRZ, which are required for ciliary localization of both IDAs and ODAs
(44, 65,79, 91, 100).

Studies in humans, dogs, mice, fish, and algae led to the identification of three
uncharacterized genes encoding coiled-coil domain proteins (CCDC) as novel PCD
candidate genes. Mutational analysis of PCD patients identified a number of families with
mutations in CCDC39and CCDC40 (6, 12, 20, 98). Immunofluorescence analysis of airway
cilia samples from CCDC39and 40 patients found a loss of GAS11, a component of the
dynein regulatory complex (DRC), and DNALI1, a member of the IDA light chain family,
from ciliary axonemes (12, 98). In Chlamydomonas, the CCDC39 ortholog, FAP59, was
predicted to be critical for ciliary motility as orthologs do not exist in C. elegans, which only
display immotile cilia. CCDC39 was found to localize to the entire ciliary axoneme in wild-
type cilia but is lost in CCDC39and CCDC40 patients, which suggests that these two
proteins may physically interact with each other. Further, it is likely that these CCDC
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proteins interact with other axonemal components as new components of the DRC. This is
supported by mutations in Chlamydomonas that affect known components of the DRC. For
example, PF2mutants exhibit a similar ultrastructural defect in flagella and failure of DRC
and inner dynein arm assembly (121). Thus, like PF2, CCDC39and 40 may encode DRC
components that are required for the stability and function of the complex.

A separate study utilizing a similar approach identified ccadc103from the zebrafish mutant
smh, which displays paralyzed motile cilia and LR defects, as a critical modulator of ODA
assembly (114). Genomic analysis of 146 PCD families identified 6 that displayed reduced
ODAs and mutations in CCDC103. Immunofluorescence analysis of airway cilia from
CCDC103 patients found partial loss of DNAHS5, DNAH9, and DNAIZ2, all of which are
ODA components, whereas IDA components were intact. The Chlamydomonas CCDC103
ortholog, PR46b, encodes a protein that binds to the flagellar axoneme, and dimerizes with
LC2, an ODA component, in the cytoplasm. Together, these findings suggest that CCDC103
may regulate the docking of ODAs. Interestingly, two studies found PCD patients with
mutations in CCDCZ114, which encodes a homolog of Chlamydomonas DCCZ, an ODA
microtubule docking-complex component (78, 110). This brings up the possibility that
multiple CCDC proteins may form a complex that is essential for the docking of ODA
components to the axoneme.

Heterotaxy—Congenital heart disease (CHD) encompasses a wide spectrum of structural
cardiac defects that are present from birth and is the most common birth defect, affecting an
estimated 1 in 130 live births. Although there is strong evidence to support a genetic
contribution to CHD, the etiology of the disease has remained poorly understood. Htx is a
rare congenital defect in which visceral organs, such as the heart, show discordant placement
due to disruptions in normal LR patterning during embryogenesis. Htx is tightly correlated
with CHD, as more than 90% of Htx patients have CHD and display relatively high
mortality rates despite surgical intervention (30).

To elucidate the genetic network underlying human Htx, a recent study performed genome-
wide analysis of copy number variations (CNVS) in 262 Htx subjects and identified 61 genes
(47). To functionally verify the role that these genes play in LR development, they were
investigated in a high-throughput manner in Xengpus. Among the 61 genes, 22 had
orthologs in Xenogpus that were heavily expressed in tissues relevant to LR development,
such as the LRO and early heart. To functionally verify the role of these genes in LR
development, loss-of-function analysis was performed by morpholino knockdown. This
analysis demonstrated that five of these genes produced abnormal cardiac looping, gut
looping, and Pitx2 expression, all of which are hallmarks of LR defects. Intriguingly, all five
genes (GALNT11, NEKZ, ROCK2, TGFBRZ2, and NUP188) were novel to LR development.

Patients with CHD and Htx display a high prevalence of respiratory disease, which has been
assumed to be linked to the complications of surgeries that are commonly needed to correct
structural heart defects (148). However, a recent genetic study of Htx patients has identified
an enrichment of mutations in PCD genes, suggesting that defective cilia motility could be a
common mechanism linking these two diseases (105). Among 43 CHD patients with Htx, 18
showed symptoms reminiscent of PCD and abnormal beating of cilia in the airway.
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Curiously, 11 of these patients were examined for ultrastructural defects in the ciliary
axoneme and none were identified. However, sequencing of 14 PCD genes in 13 of these
patients identified 3 patients with mutations in known PCD-causing genes, such as DNA/1,
DNAHS5, and DNAH11.

Immotile Ciliopathies

Although the connection between immotile cilia and disease states began with PKD, the
breadth of this relationship has significantly broadened in recent years. The revelation that
dysfunctional primary cilia are associated with numerous pleiotropic human disorders, many
with overlapping abnormalities, began to suggest that ciliary signaling is a fundamental
mechanism for maintaining a wide spectrum of cellular and developmental processes.
Further, these findings revealed the utility of large-scale human genomic studies for
identifying novel mechanisms of disease.

Renal and retinal-renal syndromes—ADPKD, which is characterized by the formation
of bilateral renal cysts that commonly lead to end stage renal disease (ESRD), was among
the first human disorders to be linked to defects affecting immotile cilia (as discussed above)
(11, 115). The scope of renal cystic diseases caused by defective immotile cilia has
expanded dramatically since the initial pioneering work. Among the most striking examples
is NPHP, an autosomal recessive cystic kidney disease that is the most common cause of
renal failure in children (64). NPHP has been linked to defects in 11 nephrocystins (VPHPI-
117) that localize to the cilium, transition zone, and centrosome (64). Another ciliary protein,
fibrocystin (PKHDJ), is responsible for ARPKD, which is commonly characterized by renal
cyst formation in utero (111, 142, 143).

NPHP patients may present extrarenal manifestations, such as retinal degeneration, laterality
defects, and skeletal abnormalities. When in conjunction with retinal degeneration, the
disorder is referred to as Senior-Lgken syndrome and is commonly attributed to mutations in
NPHPS5, which encodes nephrocystin-5 (113). As photoreceptor cells contain modified cilia,
it is not surprising that retinal and renal defects are commonly presented together in
ciliopathies.

A recent study utilizing a novel candidate exome capture approach identified SDCCAGS,
which encodes a centriolar protein, as a retinal-renal ciliopathy-causing gene (112). As exon
capture with massively parallel sequencing often produces a large number of possible
disease causing mutations for heterogeneous monogenetic disorders, Otto et al. (112)
designed a combinatorial approach around homozygosity mapping in single families,
followed by exon capture based around candidate ciliopathy genes and finally consecutive
massively parallel sequencing. 12 SDCCAGSE mutations were identified as causing NPHP
with retinal degeneration in 10 affected families. SDCCAGS protein was found to localize to
the basal body and transition zone of photoreceptor cells and to physically interact with
OFD1, a ciliopathic protein. In addition, loss of sdccag8in zebrafish resulted in kidney cysts
and tail curvature, while loss of this gene in epithelial cells cultured led to luminal cell
polarity defects.
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Joubert syndrome and Meckel-Gruber syndrome—1JS is a pleiotropic ciliopathy
that is associated with NPHP and characterized by defects affecting the development of the
cerebellum and brain stem, which results in a hallmark “molar-tooth sign” (54). JS patients
often lack balance and coordination, which can manifest as ataxia, hypernea, and sleep
apnea, and are commonly found to have mental retardation. In addition, a wide spectrum of
secondary features is associated with JS, such as polydactyly, cleft lip, seizures, and retinal
degeneration. A large number of disease-causing recessive mutations have been found
through genomic analyses of JS patients, most notably ARL13B, INPP5E, TMEMZ216,
MKS3, OFD1, and NPHP1 and 6 (42, 128). Many of these genes have been implicated in
overlapping ciliopathies, such as NPHP and Meckel-Gruber syndrome (MGS), emphasizing
the shared etiology of immotile ciliopathies. One of the most prominent examples is
NPHP6/CEP290, which encodes a protein that localizes to the centrosome in a cell cycle—
dependent manner and has been implicated in many ciliopathies, including NPHP, MGS, and
BBS (63). Interestingly, the mutational load affecting MVPHPE directs the severity of the
resulting phenotype. Relatively strong mutations in NPHP6, such as two truncating
mutations, can result in a severe, early-onset disorder that affects several organ systems (as
in MGS). In contrast, a relatively weak single missense mutation can result in a mild, late-
onset disorder that affects one or two organ systems (as in NPHP) (63).

A recent study identified CEP41 as a causative gene for JS by combining patient sequencing
with mechanistic analysis in model organisms (86). CEP41 was found to localize to the
ciliary axoneme and centrosome and loss of CEP41 in mice and zebrafish produced multiple
ciliary phenotypes, including cardiac LR defects and exencephaly. Strikingly, CEP41
complexes with and controls the ciliary trafficking of TTLL1, a conserved polyglutamylase
enzyme that is required for glutamylation of microtubules. Microtubules are the critical
structural backbone of the ciliary axoneme and acquire several posttranslational
modifications, including acetylation, detyrosination, glycylation, and glutamylation.
Depletion of cep41 in zebrafish did not disrupt normal cilia morphology yet resulted in
defects in the A-tubules of the outer doublet microtubules and paralysis of motile cilia in the
Kupffer’s vesicle (KV) and kidney. These results suggest that CEP41 functions in ciliary
tubulin glutamylation by mediating transport of TTLL6 and links tubulin posttranslational
modifications at the cilium to a ciliopathy.

MGS is a perinatally lethal ciliopathy that is characterized by renal cyst formation, posterior
encephalocele, polydactyly, and situs inversus. Multiple causative genes for MGS are also
shared by other ciliopathies, such as MKS1, TMEMZ216, CEP290, CC2ZDZA, NPHP3, and
TMEMG67(63). Thus, as in JS, MGS arises from mutations affecting an overlapping pool of
ciliopathy-causing genes, and the severity and combination of these mutations can dictate
the severity and breadth of the manifested phenotype.

To define the molecular mechanisms underlying MKS-JBTS-NPHP and to test for a
potential physical interaction among the disease proteins, the Jackson group performed high-
throughput proteomics by combining a streamlined method for establishing stable cell lines
expressing a double epitope tag fused to a single MKS-JBTS-NPHP protein with tandem
affinity purification, followed by mass spectrometry to identify interacting proteins (126). In
all, 850 interactors were copurified with 9 MKS-JS-NPHP bait proteins. These interactors
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were organized into a ciliary proteome network and clustered into three distinct functions:
axonemal, centrosomal, and signaling-related. Strikingly, utilizing a candidate gene
approach with 38 identified interactors, linkage and sequence analysis of 250 ciliopathic
patients identified two novel genes associated with both NPHP and JS: ATXN10and
TCTNZ. Thus, this work presents a new strategy for identifying ciliopathy-causing
mutations: coupling human genetics with candidate genes that are verified by large-scale
proteomic networks.

Bardet-Biedl syndrome—BBS is a genetically heterogeneous autosomal recessive
disorder with a wide spectrum of phenotypes, including retinal degeneration, renal cysts,
polydactyly, CHD, cognitive impairment, diabetes, and obesity (150). Approximately 30%
of BBS patients display anosmia due to defective cilia on olfactory neurons (82). BBS genes
were first linked to ciliopathies when it was shown that numerous BBS proteins localize to
the ciliated sensory neurons of C. elegans (5). Mutations in 17 genes have been linked to
BBS, with 7 encoding proteins that form a large protein complex (referred to as the
BBSome) that is involved in ciliary membrane biogenesis and trafficking (5, 104). A second
BBS complex consisting of three BBS proteins has been recently shown to be critical for
regulating the assembly of the core BBSome complex (133).

FUNCTIONAL HUMAN GENETICS AND THE ROLE OF MODEL ORGANISMS

Next-generation sequencing technologies are revolutionizing human genetics and are
revealing new genetic lesions at an unprecedented pace. With seven billion people on this
planet, it is now feasible to systematically identify collections of mutations that lead to a
specific symptom, in a manner analogous to traditional genetic screens performed in model
organisms yet with the advantage of indisputable relevance to human biology and disease.
Although this advantage seemingly disparages the relevance of model organisms, the
advance of human genomic methodologies has heightened and emphasized the importance
of model organisms for biomedical research. As human genetics moves into increasingly
rare diseases and genetic modifications other than single gene lesions, such as CNVs, it will
be difficult to determine the causative mutation(s) even by combining mapping and state-of-
the-art sequencing technologies. For example, CNVs in a region at 16p11.2 have been
associated with a range of neurocognitive defects (57, 144, 152). However, this region
contains at least 29 different genes. In an interesting study, Golzio et al. (57) rapidly
screened through the 29 candidates using overexpression and morpholino knockdown in
zebrafish and identified KCTD13 as the major contributor of the phenotypes associated with
CNVs in this region. Although this study was conducted for diseases with no clear
connection to cilia, it illustrates the power of correlating human genetics with functional
analysis in model organisms to pinpoint and validate disease-causing genes. Moreover, many
genes or genetic loci identified by human genetic studies have no obvious known function
and thus cannot immediately provide mechanistic insight into the disease. Only in model
systems can we obtain designed genotypes and perform experiments that are not feasible in
humans to dissect out the functions of these genes.

Many model organisms serve important roles in our quest to understand cilia and
ciliopathies. Here, we discuss the use of zebrafish for the study of cilia and ciliopathies. One
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of the most attractive features of zebrafish is genetic tractability. Small in size, a large
number of zebrafish can be housed in a laboratory setting and each pair of adult fish can
produce hundreds of offspring at weekly intervals. In addition, the optical transparency and
ex utero development of zebrafish embryos allows for monitoring of ciliary phenotypes in
live and fixed embryos (Figure 2). Combined, these features make zebrafish accessible to
large-scale genetic screens. In addition, zebrafish can be used to evaluate gene function in a
relatively high-throughput fashion. Microinjection of morpholino oligos can be used to
perform loss-of-function studies, while mMRNA microinjection can be used to perform gain-
of-function studies of different alleles both qualitatively and quantitatively. Furthermore, it is
well established that many disease genes are functionally conserved in zebrafish. For
example, VHNFI1, a gene associated with human familial GCKD (glomerulocystic kidney
disease), and PKD2Z, a gene associated with ADPKD, can cause kidney cysts when mutated
in zebrafish (138, 139). Conversely, ar/13b/scorpion, first identified as a novel ciliary and
cystic kidney gene in a zebrafish mutagenesis screen (138), was later linked to JS (25). /rrc6/
seahorse (Figure 24), identified as another novel gene in the same genetic screen (138), was
recently linked to PCD (79). Zebrafish are also uniquely situated for studying cilia-mediated
signaling. Despite the remarkably high level of conservation in cilia structure and biogenesis
in species ranging from the green alga Chlamydomonas to human, signaling mediated by
cilia has diverged significantly, notably between vertebrate and invertebrate animals. For
example, in contrast to the wide distribution of cilia on mammalian cells, most fly cells are
devoid of cilia. Consistent with this distribution difference, the cilium provides a signaling
platform for the Hh pathway in mammals, but it does not appear to be involved in this
pathway in the fly. Similarly, in C. elegans, only some neuronal cells contain cilia (9, 70).
Further, a functional Hh pathway seems to be absent in this organism. In contrast to worm
and fly, cilia are widely distributed on zebrafish cells (Figure 26-g). Moreover, as shown by
the Hh pathway, cilia-mediated signaling is conserved in zebrafish. This is supported by
defective Hh signaling in maternal-zygotic cilia mutants and the conserved cilia-targeting of
Smo and Gli in zebrafish (35, 66, 77). Finally, zebrafish are highly amenable to
pharmacological screens, albeit at a relatively moderate scale compared with cell models.
Typically, thousands of compounds can be screened in a single effort by a typical laboratory
utilizing zebrafish. However, the ability to evaluate the impact of chemical treatment in an
intact vertebrate animal is attractive, as hits are more readily transferrable to mammals and
screening can be performed in engineered disease models. For these reasons, chemical
screens in zebrafish have already yielded novel insights and promising leads for several
diseases, although with a very short history (45, 108, 149). In the ciliopathy field, histone
deacetylase (HDAC) inhibitors were identified as suppressors of zebrafish pkd2 mutants in a
pilot screen (27), and this result was further validated by mouse studies (27, 147). In the
same screen, a number of chemicals with known biological activities were found to modify
the phenotypes of IFT mutants (27). Some of the activities identified in the screen have been
previously linked to cilia biogenesis and function, including TGF-p signaling (TGFBRI
inhibitor), calcium signaling (K-252a and thapsigargin), CAMP signaling (IBMX and
etazolate), and the microtubule cytoskeleton (nacodazole and paclitaxel). The connection
between other candidates from this screen and cilia is less clear, which provides new
avenues for future studies.

Annu Rev Genet. Author manuscript; available in PMC 2017 November 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan and Sun

Page 13

As in human genetics, new technologies are transforming zebrafish genetics. Transposon-
based vectors have made transgenesis in zebrafish routine (1, 74, 85, 140). Transgenic lines
with fluorescent cilia combined with the optical transparency of zebrafish allow live imaging
of cilia, both motile and immotile, in intact embryos (21, 94). Next-generation sequencing
technologies greatly facilitate the cloning of mutations in zebrafish, previously a major
bottleneck in large-scale mutagenesis screens in zebrafish. Another exciting development is
the advance of new genome-editing technologies. In the past, TILLING (targeting induced
local lesions in genomics), which identifies mutations in specific genes from a randomly
mutagenized pool, was used to isolate mutations in a target gene (101). This technique is
very labor intensive and therefore cannot be readily applied to groups of genes by individual
laboratories. Alternatively, the custom-designed zinc-finger nuclease (ZFN) emerged as a
truly targeted strategy. ZFNs are fusion proteins of C2H2 zinc fingers, which recognize and
bind to 3-4 base pairs of DNA, and the cleavage domain of the endonuclease Fokl. ZFNs
can be engineered to contain several fingers to mediate sequence-specific cleavage in
genomic DNA. Consequently, mutations at the target site are introduced via nonhomologous
end-joining (NHEJ) repair (43, 92, 97). However, the sequence specificity of individual
fingers can be influenced by its context, hampering its rapid and wide use in zebrafish. On
the basis of the same principle, fusions of endonucleases with transcription activator-like
(TAL) effectors have been developed to induce mutations in target genes. Because of the
truly modular specificity of TAL effectors, this technique was embraced by the zebrafish
community in a short time (13, 24, 38, 102). Recently, the clustered regularly interspaced
short palindromic repeat (CRISPR) system, a bacteria defense system that uses short RNA to
direct the degradation of foreign DNA, has been used to edit vertebrate genomes (34, 93).
Because the only target-specific element in this system is a short RNA, this technique is
even more straightforward to use. Excitingly, the CRISPR system seems to work efficiently
in zebrafish as well, although germ-line transmission of induced mutations remains to be
demonstrated (69). The concern of potential off-target effects is less an issue in zebrafish,
whose 25 pairs of chromosomes make it feasible to breed out unintended mutations, and the
specificity of mutant phenotypes can be validated by rescue experiments.

Owing to the development of such technologies, we now have a toolbox that allows us to
perform large-scale genetic screens, generate human disease-specific alleles, and analyze
cilia morphology, motility, and function in live embryos in depth. The eventual identification
of all the Mendelian disease genes in the near future will generate a flood of information that
will fuel the formulation of new concepts and hypotheses, all of which could be tested in
model systems. In addition, model organisms and cultured cells also provide an opportunity
to screen for therapeutic agents for ciliopathies, for which there is currently no directed
therapy.

HORIZONS BEYOND CILIA: DIFFERENT DEGREES OF CILIARY
CONNECTION

With more than 2,500 entries in the cilia database and more than 1,000 proteins in identified
cilia proteomes (http://v3.ciliaproteome.org/cgi-bin/index.php), it is time to ask what
constitutes a cilia connection and what this connection means. The most classic and perhaps
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most specific ciliary proteins are IFT proteins. First identified in Chlamydomonas (80), IFT
proteins were thought to be functionally specific to cilia, even though their localization is not
exclusive to the cilium, because multiple Chlamydomonas IFT mutants divide normally
despite impaired ciliogenesis. In addition, elegant comparative genetic analyses have shown
that IFT proteins are only conserved in ciliated organisms, suggesting that these proteins are
specialized for cilia (7, 89). However, some evidence suggests that IFT proteins may
function outside of the cilium in addition to their role in the cilium. For example, partial
knockdown of /FT727, a complex B gene, in Chlamydomonas led to cytokinesis defects,
whereas knockout resulted in lethality (123). This hints that /F727 may serve additional
functions, as many other Chlamydomonas IFT mutants do not display these phenotypes. It is
worth noting that although conserved in Chlamydomonas and vertebrates, /F727homologs
are not found in either Drosophila or C. elegans (75), whereas most other IFT proteins are
conserved from the green alga to human, indicating that /£7.27may be unique among IFT
components.

In vertebrates, there are rare but intriguing reports of nonciliary functions of IFT genes as
well. The Baldari group showed that multiple IFT proteins, including IFT20, IFT88, and
IFT57, are expressed in T cells and form a complex, even though these cells do not contain
cilia (50). Further, by knockdown experiments, it was shown that IFT20 is involved in
recycling signaling molecules to the immune synapse, which forms at the contact site when
T cells are challenged by antigen-presenting cells (APCs) and serves as a signaling platform
(50). Although this role of IFT20 in the immune synapse is clearly nonciliary, it is very
similar on the molecular level to its role in IFT movement in ciliated cells, where it is
predominantly localized in the golgi complex and is thought to be involved in delivering
membrane proteins destined for the cilium to the ciliary base (51). There are additional
similarities between the two processes. For example, both the immune synapse and the
cilium are specialized signaling platforms with a high concentration of signaling molecules.
During the formation of the immune synapse in T cells, the microtubule organizing center
and golgi translocate toward the contact area to facilitate the delivery of signaling molecules
to the immune synapse. This feature is reminiscent of cilia biogenesis and suggests that
microtubule-mediated targeted delivery seems to be a common theme in these two
processes. Teasing out nonciliary functions in nonhematopoietic cells proves to be more
challenging because most of these cells contain cilia at many stages, making the exclusion of
ciliary involvement beyond a reasonable doubt technically difficult.

In zebrafish, IFT mutants show characteristic ventral body curvature and kidney cyst
phenotypes (Figure 24), although cilia are able to form during early embryonic development
because of the maternal contribution of the gene products (26, 81, 138). Nonetheless the
essential role of IFT genes in cilia biogenesis is conserved in this model organism, as shown
by the complete abolishment of cilia formation in maternal-zygotic /788 mutants (66).
Interestingly, mz-ift88 shows very similar, albeit slightly more severe phenotypes as the
zygotic mutant (66). Multiple IFT mutants establish a constellation of phenotypes, including
LR asymmetry defects, body curvature, bilateral kidney cysts, and retinal degeneration, as
cilia-associated phenotypes in zebrafish. Intriguingly, overexpression of a truncated 1ft172, a
B-complex component, leads to an early morphogenesis defect not seen in the mzift88
mutants, whereas similarly overexpressed full-length proteins incur no deleterious effect
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(26). Whether this indicates the existence of additional IFT functions that are masked by
redundancy or nonspecific dominant negative effects through unknown mechanisms is
currently unclear. A possible scenario is that the truncated or tagged IFT proteins disrupt the
functions of their partners more profoundly than the complete absence of the proteins.
Because these phenotypes are not seen in mutants without cilia, whether these effects of
mutant IFT proteins should be considered as cilia-associated or nonciliary is open to debate.

KIF3A and KIF3B can be considered as special IFT proteins. They are components of
kinesin-2, an anterograde motor of IFT, and are essential for cilia biogenesis. Kif3aand
Kif3b mutants have been frequently used to show a ciliary involvement in observed
phenotypes. In many cases, Kif3aor Kif3b mutants do display similar phenotypes as IFT
mutants. However, kinesin-2, as a microtubule motor, is also involved in cytosolic processes,
such as melanosome transport and mitotic spindle formation (23, 61, 84, 88). Consistently, it
was shown that KIF3A’s role in the canonical Wnt pathway is through both ciliary and
nonciliary mechanisms (36). Combined, these results suggest that IFT proteins could be
involved in nonciliary processes, although these processes may be closely related to IFT, and
that individual IFTs may have unique functions.

Aside from IFT components, numerous proteins have been found on the cilium, basal body,
and centrosome. Although a ciliary localization strongly suggests a role at the cilium, it is
unclear how significant this connection is, especially when many of these proteins are found
elsewhere. In the case of the Hh pathway components, some of which localize to the cilium,
the connection is clearly very significant. The critical role of the cilium in this important
signaling cascade is well established by many studies and has been reviewed extensively (4,
14, 46, 55, 67, 70, 125, 127, 132, 135, 146). Nevertheless, it is noteworthy that the pathway
can still function in the absence of a cilium. An extreme example is Drosophila, where most
of the cells are devoid of cilia and yet a large part of the Hh pathway is preserved and
performs essential functions. In fact, the core components of this pathway were originally
identified in Drosophila. Even in vertebrates, it has been demonstrated that Hh can function
through cilia-independent mechanisms. For example, multiple cell lines that lack cilia still
respond to acute treatment of the ligand, suggesting that the pathway still functions in these
cells (18). In addition, in the noncanonical Hh pathway, Hh functions as a chemoattractant to
guide axons in a Smoothened-dependent and Gli-independent manner even in the absence of
the cilium (17). Taken together, existing evidence suggests that although the cilium is a
critical site for Hh function, it is not the only compartment in which Hh signaling is critical.

For other ciliary proteins and signaling cascades, the relationship between location and
function is less clear because of the lack of detailed and in-depth information. Yet, we can
envision different types of ciliary connections.

1. Essential. In this case, the cilium is the primary functional site for a protein. The
protein is localized on the cilium and disruption of ciliary structure would have
major impact on the function of this protein, or disruptions of the protein would
affect ciliary structure.

2. Regulatory. A protein interacts with a cilia-centric protein (or proteins) and
regulates ciliary function or is regulated by cilia. Because many cilia-centric

Annu Rev Genet. Author manuscript; available in PMC 2017 November 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan and Sun

Page 16

proteins shuttle between the cilium and other compartments of the cell, a ciliary
localization is not obligatory for these proteins.

3. Guilt by association. A protein has multiple functions, both ciliary and
nonciliary, and the only connection between the two is that the same protein is
involved. A ciliary localization in this case is not sufficient evidence for
assigning all functions of the protein to the cilium.

Although varying in the degree of their association with the cilium, all of the above are
relevant to our understanding of cilia and ciliopathies in an integrated fashion, particularly in
a complex and in an in vivo context. As in any maturing field, new findings in the cilia and
ciliopathy field are providing a more in-depth and complicated picture. At this stage, finding
a superficial ciliary connection for an uncharacterized protein would not be very satisfactory
or illuminating. Fortunately, the exciting new developments in both human genetics and
model organisms make it feasible to dissect the molecular and cellular functions of each
unique cilia-associated protein. More specifically, as a crucial step in understanding the
function of ciliary proteins, it has become increasingly important to have a clear grasp of the
dynamics of the protein’s subcellular localization and its impact on the structure and
function of the cilium as well as how the status of the cilium may influence the localization
and function of the protein. In addition, considering that the cilium is now well established
as an important organelle for the cell, it is safe to postulate that there are novel reciprocal
interactions between the cilium and many cellular pathways or basic cellular processes that
are yet to be discovered. Therefore, the role of the cilium should be taken into consideration
when exploring cell signaling pathways and developmental processes, particularly in the
context of disease phenotypes. This is truly an exciting and interesting time for studying
cilia and ciliopathies.
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Bardet-Biedl syndrome (BBS)
a pleiotropic ciliopathy that affects many organ systems, including the eyes, nose, heart,
kidney, and limbs

Left-right organizer (LRO)
an embryonic and transient organ in vertebrates where bilateral symmetry is initially broken
via cilia-driven directional fluid flow

Intraflagellar transport (IFT)
a transportation process that moves cargo up and down the microtubule axoneme of the
cilium

Left-right (LR) asymmetry
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although vertebrates may appear bilaterally symmetric when viewed externally, many
internal organs are asymmetrically positioned across the left-right axis

Primary ciliary dyskinesia (PCD)
an autosomal recessive disorder characterized by recurrent airway infections and sterility
due to impaired ciliary motility

Heterotaxy (Htx)
a human disorder characterized by discordant positioning of numeral visceral organs across
the left-right axis

Congenital heart disease (CHD)
a disorder of structural heart defects present at birth

Kupffer’s vesicle (KV)
the ciliated left-right organizer in zebrafish
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SUMMARY POINTS

Although the structure and biogenesis of the cilium have been extensively
studied, many questions still exist pertaining to the regulated trafficking of
proteins into the cilium and the many signaling pathways and biological
processes regulated by this organelle.

Although cilia function has been historically associated with the homeostasis
of the kidney and the lung, as well as the reproductive system, evidence points
to broader functions.

Many ciliary proteins, including IFT components, are not exclusive to the
cilium and have functions outside of the organelle.

Next-generation sequencing technologies have identified numerous disease-
causing mutations in human ciliopathies. This has provided novel insights
into the genetic mechanisms of numerous ciliopathic disorders.

Correlating gene discovery in humans with target validation and functional
analysis in model organisms has begun to enable detailed mechanistic
dissection of ciliopathic disease processes.
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FUTURE ISSUES

As the cilium is found on nearly all cell types in humans, the function of the
organelle is likely to be broad. However, our knowledge of the versatility of
ciliary function is only now beginning to expand. Future studies are needed to
characterize the role of the cilium in tissues that have high relevance for
development and homeostasis, particularly regenerative and metabolic tissues.

Only a limited number of studies have coupled human gene discovery with in-
depth mechanistic analysis in model organisms for ciliopathies. Further
studies are needed to extend our knowledge of the function of disease genes
in the etiology of ciliopathies.

Not all the cilia-related genes are the same, particularly in regard to location
and function. Although some cilia-related proteins function exclusively at or
depend on the cilium, others do not, and these may serve nonciliary functions.
In-depth analysis on each individual gene is essential to form a
comprehensive understanding of cilia and ciliopathies in vivo.

Our understanding of the function of IFT has been hampered by the lack of
cargos that directly interact and transport with the IFT complex. Live imaging
approaches may aid in the identification of such cargo.

A limited number of studies illustrate the feasibility of identifying new
therapeutic strategies for ciliopathies via model organisms. Continued work in
the area of drug discovery and gene therapy in model organisms as the point
of entry is necessary for the development of effective therapies.
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Figure 1.
Morphology and structure of the cilium. (&) lllustration depicting the cell surface location

and three distinct structural segments of the cilium: axoneme (b/ue), transition zone (TZ)
(orange), and basal body (BB) (green). The axoneme is composed of nine outer microtubule
doublets surrounded by the ciliary membrane, which is contiguous with, but distinct from,
the plasma membrane (PM) (gray). Transition fibers (TF) (magenta) found at the base of the
cilium interconnect the microtubules and the plasma membrane. (4) Detailed examination of
a microtubule doublet, which consists of A and B subfibers (violed). In motile cilia, the A
subfiber displays outer dynein arms (ODAS) (cyan), inner dynein arms (IDAS) (/magenta),
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and radial spokes (orange). (¢) Transverse section of the basal body, detailing nine
microtubule triplets (violef) and cartwheel (orange). (a) Transverse section of the axoneme,
which is found in two configurations: with a central pair (9+2) and without the central pair
(9+0). In the 9+2 configuration, nexins interconnect the nine microtubule doublets, and a
sheath surrounds the central pair. (&) Longitudinal transmission electron microscopy (TEM)
section of a 9+2 flagellum from a wild-type Chlamydomonas cell, with the axoneme,
transition zone, and basal body highlighted. (#) Transverse TEM section of a 9+2 flagellar
axoneme from a wild-type Chlamydomonas cell, with the microtubule doublets and central
pair apparent. (g) Scanning electron microscopy (SEM) micrograph of an immotile cilium
on the endoderm of a stage 17 Xenopus tropicalis embryo. () SEM micrograph of a motile
multiciliated cell on the epidermis of a Xenopus tropicalis embryo. EM images courtesy of
Mustafa Khokha, Dennis Diener, and Joel Rosenbaum (Yale University).
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Figure 2.
Zebrafish as a vertebrate model for cilia analysis. () Brightfield image of a wild-type and

Irrc63308 zebrafish embryo at five days postfertilization (dpf). /rrc6733% mutants display
bilateral renal cysts (arrowhead and inset image) and a ventral body curvature (asterisk) due
to ciliary defects. Body curvature is a hallmark of ciliary zebrafish mutants and the severity
of the defect can be quantified by measuring the angle between the eye, yolk extension, and
tail tip (cyan). (b-g) Fluorescent immunostaining of numerous ciliated tissues in wild-type
zebrafish embryos, with cilia labeled by an antibody against acetylated-a-tubulin (green).
(b) Kupffer’s vesicle (KV) at the 8-somite stage. The apical membrane is labeled with an
antibody against atypical protein kinase C (PKC) (vio/el). (¢) Pronephric duct (PND) at 2
dpf. The basolateral membrane is labeled with an antibody against Cdh17 (vio/ef). (a) Otic

Annu Rev Genet. Author manuscript; available in PMC 2017 November 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan and Sun

Page 30

vesicle (OV) at 20 h postfertilization (hpf). (¢) Lateral line (LL) at 36 hpf. (# Olfactory
placode (OP) at 36 hpf. (g) Magnification of a peripheral edge of the OP. Nuclei are labeled
with TOTO3 (blue).
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