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Introduction 
Cilia are hair-like organelles that project from the surface of the cell. In 

medical school we are taught that cilia are present on certain epithelia where 
they beat rhythmically and have a propulsive function. For example, cilia lining 
the respiratory tract are involved in moving mucus from the airways to the 
pharynx. The beating of respiratory cilia can be inhibited in acquired conditions 
such as tobacco smoking and viral and bacterial infections. In this review, I will 
discuss primary disorders of cilia. First, I will review the structure and function 
of cilia. Second, I will discuss three primary disorders of cilia: primary ciliary 
dyskinesia, retinitis pigmentosa, and polycystic kidney disease. I will review the 
clinical manifestations and illustrate how genetic studies in humans and 
experimental animals, including some from our laboratory, have elucidated the 
mechanism of disease. These studies have revealed an unexpectedly broad role 
of cilia in the normal development and function of numerous organs, including the 
brain, eye, heart, and kidney. Because of space limitations, this review will focus 
on the molecular pathogenesis of ciliary disorders. For discussions of diagnosis 
and treatment the reader is referred to standard textbooks. 

Historical Perspective 
Cilia were first observed by the Dutch 

fabric merchant Antoni van Leeuwenhoek in 
the 1 ih century. Contrary to popular belief, van 
Leeuwenhoek did not invent the microscope, 
but he was particularly skilled at grinding glass 
lenses and produced more than 400 
instruments, some capable of magnifying up to 
200x. van Leeuwenhoek was also endowed 
with an insatiable curiosity, and he examined 
virtually any object that could be placed under 
the lens. He reported his findings in a series of 
letters to the Royal Society of London and is 
credited with the discovery of bacteria, 
erythrocytes, and insect parasites. On 

'.Ciliary 
membrane 

Axoneme 

Christmas Day 1702 van Leeuwenhoek , ___ ., 
discovered an organism in pond water, called 
Vorticella, about which he wrote: "In structure 
these little animals were fashioned like a bell, 
and at the round opening they made such a 
stir, that the particles in the water thereabout 
were set in motion thereby ... which sight I 
found mightily diverting." van Leeuwenhoek 
correctly concluded that this motion was a 
means for bringing food to the organism. We 
now know that the motion was created by 
motile cilia surrounding the mouth of the 
organism. 
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Figure 1. Structure of cilia. Cilia 
consist of an axoneme 
composed of microtubules 
surrounded by the ciliary 
membrane. Cilia are anchored in 
the cell body by the basal body. 



van Leeuwenhoek is also credited with the discovery of flagella, which are 
modified cilia that are longer in length and present in only 1 or 2 copies per cell. 
In his own semen-which was acquired, he stressed, not by sinfully defiling 
himself but as a natural con::::quence of conjugal coitus-he observed a 
multitude of "animalcules, " less than a millionth the size of a coarse grain of sand 
and with thin, undulating transparent tails. The tails that van Leeuwenhoek 
observed represent flagella that propel the sperm to the egg. van Leeuwenhoek 
reported his discovery to the Royal Society but requested that they not publish 
his letter, believing it would lead to disgust or scandal. They published it anyway, 
and it turned out to be one of his most important contributions. More than 300 
years after van Leeuwenhoek's original discoveries of cilia and flagella, we are 
finally beginning to understand the normal functions of these organelles and their 
roles in human disease. 

What are Cilia? 

Cilia (sing., cilium) are thin, hair-like appendages that project from the cell 
surface (1, 2). They are 0.2Error! Not a valid link.0.3 Jlm in diameter and 1-20 Jlm in 
length. Cilia consist of a shaft called the axoneme that is composed of 
microtubules surrounded by a membrane bilayer that is continuous with the cell 
membrane. Microtubules, which are a constituent of the cell's cytoskeleton, are 
hollow cylinders about 24 nm in diameter that are composed of polymerized a
and ~-tubulin. The microtubules in the axoneme extend from the base of the 
cilium to the tip. They originate from the basal body, a microtubule-based 
structure that anchors the cilium in the cell body (Fig. 1 ). 

Cilia are classified based on their motility and the pattern of microtubules 
in their axonemes (3-5). A cross-section through motile cilia, such as those in 
the respiratory tract, shows that their axonemes contain nine outer doublets of 
microtubules arranged circumferentially around two central microtubules (9+2 

Motile Cilia (9+2) Primary Cilia (9+0) 

bridge 

Figure 2. Cross-sections of the axonemes of motile cilia (left) and primary cilia (right). 
Motile cilia contain a 9+2 pattern of microtubules, inner and outer dynein arms, nexin 
bridges, and radial spokes. Primary cilia contain a 9+0 pattern of microtubules, lack 
dynein arms, and are immotile. 
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pattern) (Fig. 2). A motor protein, called dynein, forms inner and outer dynein 
arms between adjacent microtubule doublets. In addition, the axonemes of 
motile cilia contain nexin bridges and radial spokes that cross-link the 
microtubules. Motile cilia are found in many copies per cell and move with a 
whip-like motion. The movement of cilia is produced by the dynein arms, which 
are ATP-dependent molecular motors that are attached to one microtubule 
doublet and move along the adjacent microtubule doublet. The movement of the 
dynein arms causes the microtubule doublets to slide against each other, and 
this sliding motion forces the cilium to bend. The nexin bridges and radial spokes 
help translate the sliding motion of the microtubules into ciliary beating. 

Motile cilia are found on the free surface of epithelia in specific places in 
the body. In the respiratory tract, motile cilia are involved in mucociliary 
clearance {4, 6) (Fig. 3). Mucociliary clearance refers to the movement of 
mucus and entrapped particles from the lungs to the oropharynx. The epithelial 
cells lining the airways contain 200-300 motile cilia that are 5 J.lm long and beat 
approximately 10-15 times per second (Fig. 4). The coordinated beating of the 
cilia propels an overlying carpet of mucus from the lower respiratory tract to the 
oropharynx. This process is essential for removing bacteria and other inhaled 
particles from the lungs. Motile cilia are also found in the fallopian tubes 
(oviducts), where they help to transport the egg from the ovary to the uteru.:> . jj, 

the male genital tract, motile cilia in the efferent ductules transport the sperm 
from the testis to the epididymis. The ependymal cells lining the cerebral 
ventricles, cerebral aqueduct, and central canal of the spinal cord contain 
approximately 40 cilia that are 1 0 J.lm in length and beat continuously 30-40 
times per second (7). Although their function is poorly understood, ependymal 
cilia may be involved in the directional circulation of cerebrospinal fluid. 
Spermatozoa are propelled by the undulating movement of a modified cilium, 
called a flagellum, which has the same 9+2 pattern of microtubules as motile 
cilia. 

Figure 3. Scanning electron micrograph of 
motile cilia on the surface of a respiratory 
epithelial cell. 
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Figure 4. Diagram of ciliary beating in the 
respiratory tract. Steps 1-8 are the recovery 
stroke. Steps 9-12 are the power stroke. 
Direction of mucus movement is to the 
right. 



The other major class of 
cilia is known as primary cilia (1 ). 
The axonemes of primary cilia 
contain nine peripheral microtubule 
doublets but lack the two central 
microtubules (9+0 pattern) (Fig. 
5). Primary cilia originate from a 
basal body that is located in the 

cHi 

cell body between the Golgi 
apparatus and the cell membrane. 
In addition to anchoring the cilium 
in the cell, the basal body serves 
as one of the centrioles in the 
mitotic spindle during cell division. 
Most primary cilia lack dynein 
arms, nexin bridges, and radial 1::~::-c 
spokes and are immotile. One 
exception is in the embryonic node, 
which contains primary cilia that 
h ::~ve a 9+0 pattern and are motile 
(see below). Primary cilia are found 
in only one or two copies per cell. 
Although they are not as well 
known as motile cilia, primary cilia 
have been found on almost all cells 
in the body, with the exception of 
hepatocytes and blood cells (1). 

Basal body b . 

Figure 3. Transmission electron micrograph 
of a primary cilium (right). Left panels show 
cross-sections of axonemes of a primary 
cilium (upper) and motile cilium (lower). 

They are present on smooth muscle cells, cardiac myocytes, fibroblasts, 
neurons, vascular endothelial cells, chondrocytes, bone cells, endocrine cells, 
etc. A list of cells containing primary cilia can be found at the website: 
http:Umembers.qlobal2000.net/bowser/cilialist.html. Renal tubular epithelial cells 
contain 1-2 primary cilia that have a typical 9+0 ultrastructure (8-1 0). The 
primary cilia in the kidney are 2- 1 0 Jlm in length and project from the apical cell 
surface into the tubule lumen. Renal cilia have been identified in all segments of 
the nephron from Bowman's capsule to the collecting ducts with the exception of 
intercalated cells. 

Although primary cilia were recognized decades ago, their function was 
not known and they were often considered to be vestigial. However, recent 
studies suggest that primary cilia may have a sensory function (11). Cilia are 
highly evolutionarily conserved throughout the animal kingdom. In the 
roundworm, C. elegans, primary cilia have been found on chemosensory 
- -· .... --- .a.L...-o~o - ... - :-, ~-•, ,_....I =- _L.. _ _.__ ... _,,;_ __..... -----~-=-- n,. ____ ,.._;,_ """ ........ '"':nn 
llt;;UI Ulli:> LIIQL Ql t;; IIIVUIVt;;U Ill vllt;;IIIULQl\1;:) QIIU IIIQLIII~. LJI u;::,Uf.J/11/Q vVI ILQIIIv 

neurons with 9+0 cilia that transduce mechanical and chemical sensory stimuli. 
Neurons in the mammalian brain contain primary cilia on which receptors for 
somatostatin and serotonin are concentrated (11 ). Olfactory neurons in the nasal 
cavity contain chemosensory cilia on which the odorant receptors are located. 
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Primary cilia in the kidney have a mechanosensory function (see below). Recent 
analysis of genetic diseases in humans has revealed that rather than being 
vestigial structures, primary cilia play essential roles in the development and 
function of numerous organs, including the heart, brain, eye, and kidney. 

Primary Ciliary Dyskinesia 
Primary ciliary dyskinesia (PCD) is a genetic disorder of motile cilia 1 (4, 

12, 13). PCD is sometimes called immotile cilia syndrome (ICS), but this name 
is inaccurate since the cilia usually have abnormal motility rather than completely 
absent motility. PCD is characterized by abnormalities in the structure or function 
of motile (9+2) cilia. The most common ultrastructural abnormality is complete 
or partial absence of dynein arms (Fig. 6), but radial spoke defects and loss of 
central microtubules have also been observed (3, 6). Normal ciliary structure is 
seen in up to 30% of patients and does not exclude the diagnosis. Respiratory 
epithelial cells isolated from affected individuals show decreased ciliary beat 
frequency or abnormal 
wave patterns when 
visualized by , 
videomicroscopy (6, 13). 
Since ciliary dyskinesia 
can be secondary to 
allergies, infections, or 
drugs, abnormalities 
should be documented in 
samples obtained at more 

than one site or time. 
Sperm immotility can 
establish the diagnosis in 
postpubertal males. 

Figure 6. Ultrastructure of axonemes in primary ciliary 
dyskinesia (left) and normal cilia (right). Note the 
absence of dynein arms in PCD. 

The clinical manifestations of PCD are directly related to the sites of motile 
cilia and flagella in the body (Fig. 7). Defects of cilia in the trachea and lower 
respiratory tract inhibit mucociliary clearance and cause chronic bronchitis, 
recurrent pneumonia, and bronchiectasis. Neonatal respiratory distress 
syndrome is common in newborns. The absence of mucociliary clearance in the 
upper airways, including the paranasal sinuses and auditory tubes, produces 
sinusitis, chronic otitis media, and conductive hearing loss. Sperm immotility 
produces sterility in virtually all males. Females are generally not sterile but may 
have reduced fertility and increased frequency of ectopic pregnancy due to 
abnormalities of cilia on the fallopian tubes. Some patients with PCD develop 
hydrocephalus, which is thought to be due to impaired motility of ependymal 
cilia in the cerebral ventricles and aqueduct. Other disease manifestations that 
are less easily explained include esophageal abnormalities and biliary atresia. 

1 The nomenclature of this disease can be confusing. The term "primary'' is used to distinguish 
the disease from "secondary" ciliary dyskinesia, which is caused by drugs, smoking, or infections. 
PCD does not affect immotile primary cilia. 
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PCD occurs in 1 in 16,000 live 
births and is inherited as an autosomal 
recessive trait. PCD is genetically 
heterogeneous and can arise from 
mutations of more than three genes. 
Not surprisingly, since the disease is 
characterized by abnormalities of 
ciliary motility, all of the identified 
genes that cause human PCD encode 
subunits of axonemal dyneins in the 
inner or outer dynein arms {Table 1). 
In addition, a transcription factor called 
HFH4 that is involved in the 
transcription of the genes encoding 
the dynein subunits has been shown 
to cause PCD in experimental an imals 
(14). 

•Impaired mucociliary clearance 
-Rhin itis 
-Sinusitis 
-Otitis media 
- Recurrent pneumonia 
-Bronchiectasis 
•Impaired sperm motility 
- Male infertility 
•Diminished female fertility 
•Hydrocephalus 
•Situs inversus 

Figure 7. Clinical manifestations of 
primary ciliary dyskinesia. 

Axonemal dynein is a large multiprotein complex composed of 2-3 heavy 
chains and several intermediate and light chains (4). The heavy chains contain a 
globular motor domain that hydrolyzes ATP and moves along the microtubule, 
which produces ciliary beating. The intermediate and light chains are located 
towards the base of the dynein arms. Mutations of three genes that encode 
dynein subunits have been identified in patients with PCD: DNA/1 (axonemal 
dynein intermediate chain 1), DNAH5 (axonemal dynein heavy chain 5), and 
DNAH11 (axonemal dynein heavy chain 11) (1 5-19). Together, mutations of 
DNA/1, DNAHS, or DNAH11 are found in only about 25% of patients with PCD. It 
is probable that mutations of other dynein subunits or axonemal components are 
responsible for the remaining cases. 

Gene Chromosome Protein 
DNAH5 5p15.2 Dynein heavy chain 5 
DNAI1 9p21-p13 Dynein intermediate chain 1 
DNAH11 7p21 Dynein heavy chain 11 
Table 1. Genetics of primary ciliary dyskinesia 

Kartagener's Syndrome 
Kartagener's syndrome refers to the association of chronic sinusitis and 

bronchiectasis with situs inversus (mirror image reversal of the internal organs) 
(6). 50% of patients with PCD have situs inversus and are therefore classified as 
having Kartagener's syndrome (4). Situs inversus is a reversal of the normal left
right asymmetry of the internal organs in which the heart is transposed to the 
right side of the thorax (dextrocardia) . The ieft iung has three iobes and the right 
lung has two lobes, the stomach and spleen are the right side of the abdomen, 
and the liver is primarily on the left (20, 21) (Fig. 8). Most patients with 
Kartagener's syndrome have complete situs inversus (situs inversus totalis), 
which is generally well tolerated. However, incomplete situs inversus (situs 
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ambiguus) can produce 
congenital heart 
abnormalities such as 
double outlet left ventricle. 

Kartagener's 
syndrome is caused by 
mutations of the same 
genes that cause PCD 
and should therefore be 
considered as a subclass 
of the broader disorder. 
This point is best 
illustrated by the existence 
of identical twins, both with 
PCD, in which one twin 

Stus oolitus Stus inve rs..JS 

has situs inversus Figure a. Normal left-right asymmetry (left) and mirror-
(Kartagener's syndrome) imaae reversal of internal oraans friaht\_ 

and the other twin has normal laterality (situs solitus) (22). These patients raise 
several interesting questions: How do abnormalities of motile cilia produce situs 
inversus, and how does the same gene mutation produce situs inversus in one 
individual and normal laterality in another individual? 

Left-right asymmetry is established during embryonic development by a 
structure known as the node (21, 23-25). The mammalian node is a triangular 
shaped structure that appears on the surface of the embryo near the site where 
gastrulation occurs. The cells comprising the node contain a single cilium of the 
9+0 type (Fig. 9). However, unlike most 9+0 cilia, which are immotile, nodal cilia 
contain dynein arms and are motile. Nodal cilia rotate with a vortical motion in a 
counterclockwise direction, which generates a leftward flow of fluid across the 
ventral surface of the node (so-called nodal flow) (26-29). The leftward fluid flow 
initiates a signaling cascade that results in asymmetric development of the 
visceral organs (30, 31). The signaling pathway involves detection of nodal flow 
by ciliated cells on the left side of the node, increased intracellular calcium, left
sided expression of the signaling molecules nodal and lefty-2, expression of the 
transcription factor Pitx2 in the left lateral plate mesoderm, and asymmetric 
expression of downstream effector genes (20, 24) (Fig. 9). 

The mechanism by which abnormalities of motile cilia produce situs 
inversus has been further elucidated by studies of iv/iv mice that have 
abnormalities in left-right asymmetry (32). iv (inversus viscerum) is an autosomal 
recessive mutation in which 50% of the affected mice exhibit complete situs 
inversus. iv/iv mice carry a missense mutation of left-right dynein (lrd), the 
mouse orthologue of the DNAH11 gene that is mutated in some humans with 
Kartagener's syndrome (33). iv/iv mice are therefore an excellent animal model 
of human situs inversus. Videomicroscopy studies have shown that the nodal 
cilia in iv/iv mice are immotile and that the leftward fluid flow across the node is 
not established (34). Consequently the embryos develop with random left-right 
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Figure 9. Establishment of left-right asymmetry in the embryonic node. Left: Low power 
and high power scanning electron micrographs of the embryonic node showing primary 
cilia on the ventral surface. Right: Nodal cilia rotate with a vortical motion producing 
leftward fluid flow, which is sensed by other nodal cells containing immotile 
mechanosensory cilia. Nodal flow induces an increase in cell calcium and expression of 
nodal, lefty, and Pitx2 in cells on the left side of the embryo. From references 25 and 27. 

asymmetry. Nonaka eta/ have shown that the production of artificial leftward fluid 
flow across the node of iv/iv embryos restores normal laterality (35). These 
elegant experiments clearly demonstrate that leftward nodal flow establishes 
normal left-right asymmetry. In the absence of nodal flow, due to abnormalities of 
ciliary motility, half of the embryos will develop with normal laterality (situs solitus) 
and half will develop with situs inversus. This explains why only 50% of the 
patients with PCD have situs inversus (Kartagener's syndrome), even though the 
underlying mutation in both diseases is the same. 

Nephronophthisis 
Next, we turn to abnormalities of primary cilia. The first disorder of primary 

cilia that I will discuss is nephronophthisis. Nephronophthisis is an autosomal 
recessive disorder that produces chronic renal failure in children and 
adolescents (36, 37). In some populations, nephronophthisis is the most common 
genetic cause of chronic renal failure in the first two decades of life. The renal 
histology is characterized by disruption of the tubular basement membrane, 
interstitial infiltrates, renal fibrosis, tubular atrophy, and renal cysts at the 
corticomedullary junction. The pathologic features of nephronophthisis are similar 
to adult medullary cystic disease. Clinically, children with nephronophthisis 
present with progressive renal insufficiency, urinary concentrating defects, salt 
wasting, anemia, and growth retardation (Fig. 1 0). Extrarenal manifestations 
include retinitis pigmentosa, Cogan syndrome (ocular motor apraxia), liver 
fibrosis, and cone shaped epiphyses. 
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Nephronophthisis is 
genetically heterogeneous 
and can be caused by 
mutations of at least four 
genes, named NPHP1-
NPHP4 (38-43) (Table 2). 
Clinically, the diseases 
caused by mutations of the 
different genes are similar, 
although the age of onset 
varies. The median age at 
onset of ESRD in patients 
with mutations of NPHP1, 
NPHP2, NPHP3, and 

•Urinary concentrating defect 
-Uosm < 800 mOsm 
-Polyuria, polydipsia, enuresis, dehydration 
•Salt wasting 
•Failure to thrive 
•Anemia 
•Progression to renal failure 
•Extrarenal manifestations 
-Retinitis pigmentosa (Senior-L0ken syndrome) 
-Ocular motor apraxia (Cogan syndrome) 

Figure 1 0. Clinical manifestations of nephronophthisis. 

NPHP4 is 13 years, 1-3 years, 19 years, and ~20 years, respectively. Retinal 
abnormalities have been described in patients with all four forms of 
nephronophthisis. The association of retinitis pigmentosa with NPH is known as 
the Senior-Loken syndrome. 

NPHP1 encodes a 732-amino acid protein called nephrocystin, which 
contains a coiled-coil domain involved in protein-protein interactions and an SH3 
domain that binds to proteins containing a P-X-X-P motif. Nephrocystin is a 
docking protein that interacts with signaling proteins, such as the proline-rich 
tyrosine kinase Pyk2 and crk-associated substrate p130cas, and cytoskeletal 
proteins, such as tensin and filamin (44-46). NPHP2 encodes inversin, a 1,062-
amino acid protein that contains ankyrin repeats, IQ domains, D boxes, and a 
bipartite nuclear localization signal. lnversin interacts with calmodulin in a 
calcium-dependent manner and interacts with the anaphase promoting complex 
Apc2 and ~-catenin in the nucleus (47-50). NPHP3 encodes nephrocystin-3, a 
protein of 1 ,324 amino acids that contains a coiled-coil domain, a tubulin tyrosine 
ligase domain, and eight tetratricopeptide repeats that may be involved in 
protein-protein interactions. The protein encoded by NPHP4, called 
nephrocystin-4 or nephroretinin, consists of 1 ,250 amino acids and contains a 
proline-rich domain. 

Gene Protein Age@ESRD Cilia RP 
NPHP1 Nephrocystin 13 yr Yes Yes 
NPHP2 lnversin 1-3 yr Yes Yes 
NPHP3 Nephrocystin-3 19 yr Unknown Yes 
NPHP4 Nephrocystin-4 ....,20 yr Yes Yes 
Table 2. Genetics of nephronophthisis. Nephrocystin, inversin, and nephrocystin-4 have 
been localized to primary cilia. Mutations of all genes are associated with retinitis 
pigmentosa (RP). 
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Many of the NPHP proteins contain domains that could be involved in 
protein-protein interactions. Indeed, nephrocystin has been shown to directly 
interact with inversin, nephrocystin-3, and nephrocystin-4 (39-41 ). Nephrocystin, 
inversin, and nephrocystin-4 have been localized to primary cilia in cells in the 
kidney and embryonic node (39, 51, 52}. Moreover, the carboxyl-terminus of 
nephrocystin binds to ~-tubulin, a component of the ciliary axoneme (39). These 
findings suggest that the NPHP proteins form a large multiprotein complex that is 
located in the ciliary axoneme. Mutations that disrupt components of the complex 
may impair ciliary function and lead to renal cysts, renal fibrosis, and retinitis 
pigmentosa. How mutations of ciliary proteins produce renal cysts will be 
discussed later in this review. In the next section, I will discuss the association of 
cilia with retinitis pigmentosa. 

Retinitis Pigmentosa 

Retinitis pigmentosa (RP) is an inherited form of retinal degeneration that 
leads to progressive blindness, usually by age 60 {53}. Patients with RP present 
with gradual loss of visual acuity, loss of night vision, and tunnel vision (Fig. 11). 
RP is the most common inherited form of blindness, affecting more than 1 00,000 
individuals in the U.S. A severe form of RP that presents with nystagmus and 
blindness in children is called Leber congenital amaurosis. Funduscopic 
examination reveals waxy pallor of the optic disc, constricted retinal arteries, 
retinal pigment epithelial atrophy, and characteristic "bone spicule" 
hyperpigmentation of the retina. Retinal pathology shows increased 
photoreceptor cell death (apoptosis), which leads to a thinning of the 
photoreceptor cell layer (Fig. 12). The genetics of RP are very complex, and 
autosomal dominant, autosomal recessive, and X-linked forms of the disease 
have been described. Mutations of over 30 different genes have been shown to 
cause RP, including genes encoding visual pigments, components of 
photoreceptor disk membranes, proteins of 
the retinoid cycle, transcription factors, and 
pre-mRNA splicing factors (53). Some 
forms of RP are caused by mutations of 
ciliary proteins. The RP1 protein that is 
mutated in autosomal dominant RP is 
localized in the connecting cilium of 
photoreceptor cells (54). The retinitis 
pigmentosa GTPase regulator (RPGR) 
and an RPGR-interacting protein 
(RPGRIP), which cause RP and Leger 
congenital amaurosis, respectively, are also 
localized in the connecting cilium (55}. As 

•Progressive blindness 
- Decreased visual acuity 
- Tunnel vision 
-Decreased night vision 
•Retinal abnormalities 
-Bone-spicule pigmentation 
- Constricted retinal arteries 
- Waxy pallor of the optic disc 
-Atrophy of RPE 

discussed above, mutations of the ciliary Figure 11. Clinical manifestations of 
proteins nephrocystin, inversin, and retinitis pigmentosa. 

nephroretinin (nephrocystin-4} cause RP. 
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To understand how 
abnormalities of cilia might produce 
RP, we must first review the structure 
of photoreceptor cells. The rods and 
cones of the mammalian retina contain 
an inner and outer segment. The outer 
segment is filled with stacks of 
photosensitive disk membranes, which 
contain the light-sensitive visual 
pigments (rhodopsin in rods and opsins 
in cones). The inner segment contains 
the mitochondria, endoplasmic 
reticulum, and other cell organelles. 
The outer segment is connected to the 
inner segment by a thin structure called 
the connecting cilium (Fig. 13). A 

Figure 12. Histology of normal retina cross-section of the connecting cilium 
(left) and retinitis pigmentosa (right). reveals that it has a 9+0 axonemal 
Note decreased thickness of the inner 
segment (IS) and outer segment (OS) structure typical of a primary cilium (2). 
photoreceptor cell layer in retinitis Therefore, the entire outer segment 
pigmentosa. can be viewed as a modified sensory 

cilium. Moreover, the outer segment 
contains no protein synthetic machinery. 
Therefore, the opsins and other proteins 
are synthesized in the inner segment and 
transported through the connecting cilium 
into the outer segment. Since the outer 
segment is continuously turning over, 
proteins are constantly trafficking through 
the connecting cilium. A common feature of 
several forms of RP is abnormal 
trafficking of visual pigments from the cc 
inner segment to the outer segment. The 
accumulation of proteins in the inner 
segment produces apoptotic cell death. 
Therefore, gene mutations that interfere 
with protein transport in the connecting 
cilium will lead to degeneration of the outer 
segment and RP. 

RPE 

Additional evidence that ciliary 
abnormalities can produce RP has been 
provided by studies of mice with 
mutations in ciliary transport. Proteins are 
transported in cilia by a motor protein 
called kinesin-11 (see below). A retina
specific knockout of kinesin-11 produces 

Figure 13. Left panel: Diagram of a 
photoreceptor cell showing the 
connecting cilium (CC). RPE, retinal 
pigment epithelium; OS, outer segment; 
IS, inner segment; M, mitochondria; N, 
nucleus; ST, synaptic terminus. Right 
panel: Electron micrograph of the 
connecting cilium. 
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retinal abnormalities that are strikingly similar to those found in humans with RP 
(56). Because of the absence of ciliary transport, the opsin visual pigment 
accumulates in the inner segment, which leads to accelerated photoreceptor cell 
death. These findings demonstrate that the inhibition of protein transport in the 
connecting cilium produces the histological features of RP. Additional studies will 
be required to determine how RP is produced by mutations of other ci liary 
proteins, such as nephrocystin, nephroretinin, and inversin. 

Polycystic Kidney Disease 

Polycystic kidney disease (PKD) is a family of genetic disorders that are 
characterized by the accumulation of multiple fluid-filled cysts in the kidney and 
other epithelial organs (57). The renal cysts originate from the renal tubules and 
progressively enlarge and multiply over time producing massive kidney 
enlargement and renal failure. PKD can be inherited as an autosomal dominant 
trait or an autosomal recessive trait. Autosomal dominant polycystic kidney 
disease (ADPKD) is a common disease that affects 1 in 500 individuals from all 
ethnic groups worldwide (Table 3). ADPKD is caused by mutations of PKD1 on 
chromosome 16 (85% of cases) or PKD2 on chromosome 4 (1 5% of cases) 
(Table 4). Individuals with ADPKD typically present with massively enlarged 
kidneys and renal insufficiency in the third and fourth decade but can also 
present in ch ildhood or in utero. ADPKD is a systemic disorder, and extrarenal 
manifestations include hepatic and pancreatic cysts, cerebral and aortic 
aneurysms, colonic diverticuli, card iac valvular abnormalities, and left ventricular 
hypertrophy. Mutations of PKD1 and PKD2 produce identical clinical 
manifestations, but PKD2 patients present later in life and have longer renal 
survival. Based on the findings of loss of heterozygosity and somatic mutations in 
cysts from ADPKD patients, a two-hit model of cystogenesis has been proposed 
(58, 59). Consistent with this model, knockout mice that lack both copies of either 
Pkd1 or Pkd2 develop severely cystic kidneys in utero (60-65) . 

Autosomal recessive polycystic kidney disease (ARPKD) is less 
common than ADPKD (incidence: 1 in 20,000) and primarily affects infants and 
children, but survival up to age 55 has been reported (66, 67) (Table 3). The 

ADPKD ARPKD 
Incidence 1/500 1/20,000 
Age of onset Adult Infancy/childhood 
Location of cysts All nephron segments Collecting ducts 
Liver involvement Liver cysts Biliary dysgenesis 
Extrarenal Cerebral aneurysms Portal hypertension 
manifestations Pancreatic cysts Systemic 

Cardiac valvular hypertension 
Hypertension 

Table 3. Clinical manifestations of autosomal dominant PKD (ADPKD) and autosomal 
recessive PKD (ARPKD) 
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kidney cysts in ARPKD originate from the renal collecting ducts. ARPKD is 
invariably associated with biliary dysgenesis, a congenital abnormality of the 
bile ducts that causes portal fibrosis and portal hypertension. ARPKD can be 
classified based on the age of onset into neonatal, infantile, childhood, and 
adolescent forms. Neonates with the severe perinatal form of ARPKD typically 
present with massively en larged kidneys and intrauterine renal failure. Since the 
kidneys are required for production of amniotic fluid in utero, affected individuals 
develop Potter's facies, limb deformities, and pulmonary hypoplasia due to 
oligohydramnios. Up to 30-50% of newborns with the severe perinatal form die 
shortly after birth from respiratory failure or sepsis. Children with late-onset 
disease present with enlarged kidneys and progressive renal failure as well as 
esophageal varices, hepatosplenomegaly, and hyersplenism due to portal 
hypertension (67). Other clinical manifestations include systemic hypertension, 
growth retardation, urinary tract infection, and hyponatremia. All forms of ARPKD 
are caused by mutations of PKHD1 (Eolycystic Kidney and Hepatic Disease 1) 
on chromosome 6 (68, 69) (Table 4). Missense mutations of PKHD1 are more 
commonly associated with a nonlethal presentation of ARPKD, whereas 
truncating mutations are more commonly associated with the severe perinatal 
form of the disease (70-72). 

ADPKD ARPKD 
Inheritance Autosomal dominant Autosomal recessive 
Gene (Chr) PKD1 (Chr 16) PKHD1 (Chr 6) 

PKD2 (Chr 4) 
Protein product Polycystin-1 Fibrocystin 

Polycystin-2 (polyductin) 
Protein size PKD1: 4,302 aa 4,074 aa 

PKD2: 968 aa 
Tissue distribution Widespread Kidney, liver, 

pancreas 
Subcellular PKD1: Cilia, PM Cilia 
localization PKD2: Ci lia, ER 
Table 4. Genetics of autosomal dominant PKD (ADPKD) and autosomal recessive PKD 
(ARPKD). PM, plasma membrane; ER, endoplasmic reticulum. 

Polycystin-1, the product of the PKD1 gene, is an integral membrane 
protein that is predicted to contain a large extracellular domain, 11 
transmembrane segments, and a C-terminus that is located in the cytoplasm (73-
75) (Fig. 14). The extracellular domain contains an array of motifs that are 
involved in protein-protein or protein-carbohydrate interactions. Polycystin-1 has 
been shown to activate signaling pathways involving Wnt/~-catenin, 
heterotrimeric G proteins, MAP kinase, and Jak/STAT (57). The PKD2 gene 
product, polycystin-2, is composed of 968 amino acids and is also predicted to 
be an integral membrane protein (76) (Fig. 14). Polycystin-2 shares structural 
features with transient receptor potential (TRP) channels as well as voltage-
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activated calcium and sodium channels. Single channel recordings and patch 
clamp analyses have shown that polycystin-2 is a non-selective cation channel 
that can conduct calcium ions (77 -80). Polycystin-2 physically interacts with 
polycystin-1 both in vitro and in vivo. 

The ARPKD gene, PKHD1, encodes a protein called fibrocystin or 
polyductin that is composed of 4,074 amino acids (68, 69). Fibrocystin is an 
integral membrane protein containing a large extracellular domain, a single 
transmembrane segment, and a short carboxyl-terminal domain (Fig. 14). A 
splice variant that may encode a secreted form of the protein has also been 
identified. The extracellular domain contains multiple IPT domains (lg-like, plexin, 
transcription factor) and PbH1 repeats (parallel beta-helix), and the carboxyl
terminal domain contains potential phosphorylation sites. Although its function is 
not known, the structure of fibrocystin suggests that it may be a membrane 
receptor or ligand. 

Is PKD a Ciliary Disorder? 
The first hint that cilia might be involved in the pathogenesis of PKD came 

from studies of the orpk mouse model of ARPKD (81). orpk/orpk mice develop 
renal collecting duct cysts, biliary dysplasia, and portal fibrosis and usually die 
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Figure 15. Bending of a renal cilium (arrow) in response to increasing rates of fluid 
flow. From reference 94. 

within the first week of life. The gene that is mutated in orpk mutant mice (Tg737) 
encodes polaris, a protein that localizes to the axoneme and basal body of both 
motile and primary cilia (82, 83). Polaris is expressed in the kidney and has been 
localized to the primary cilia of cultured renal epithelial cells. Recent studies have 
shown that polaris is involved in ciliary assembly, and orpk/orpk mice have 
stunted primary cilia. Two additional mouse models of recessive PKD involve 
ciliary proteins: 1) cpk/cpk mice have mutations of cystin, a 145-amino acid 
protein that localizes to the primary apical cilium when expressed in cultured 
collecting duct cells (84). 2) inv/inv mice develop cysts in the renal collecting 
ducts and pancreas and have mutations of inversin (47, 85). As discussed 
earlier, inversin is a ciliary protein that is mutated in humans with 
nephronophthisis type 2. In addition to renal cysts, inv/inv mice exhibit complete 
situs inversus due to abnormalities of nodal cilia (34, 85). Dextrocardia and situs 
inversus are also observed in mice that are deficient in polaris or polycystin-2 
(82, 86). The coupling of defects of left-right axis determination with kidney cysts 
in several mouse models lends indirect support to the notion that cilia may play a 
role in renal cystic disease. 

A second hint that cilia were involved in PKD came from the subcellular 
localization of polycystin-1, polycystin-2, and fibrocystin. Homologues of 
polycystin-1 and polycystin-2, the proteins that are mutated in humans with 
ADPKD, have been identified in the roundworm C. elegans. These proteins, 
named LOV-1 (location of vulva) and PKD-2, respectively, are localized to the 
primary cilia of a specialized group of sensory neurons that are involved in 
mating (87). Worms with mutations of LOV-1 and PKD-2 exhibit abnormal mating 
behavior due to sensory defects. Polycystin-1 and polycystin-2 have also been 
identified in the primary cilia of mammalian kidney cells. Polycystin-2 co-localizes 
with tubulin in the cilia of cultured kidney cells and native renal tubules (88, 89). 
Polycystin-1 is also expressed in renal cilia where it co-localizes with cystin and 
polycystin-2 (90, 91 ). Fibrocystin, the protein that is mutated in human ARPKD, 
has recently been localized in the primary cilia of Madin-Darby canine kidney 
cells (MOCK cells) (92) . Although polycystin-1, polycystin-2, and fibrocystin are 
also found in other sites in the cell (Table 4), their common localization in renal 
cilia strongly suggests that the latter is involved in PKD. 
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The function of polycystin-1 and polycystin-2 in renal cilia is not known, 
but recent studies suggest that they may have a mechanosensory function. 
Renal cilia project from the apical cell surface into the lumen of the renal tubules 
and bend in response to urine flow (93, 94) (Fig. 15). Bending of the cilia of 
cultured MOCK cells, either mechanically or with fluid flow, induces an increase 
in intracellular calcium concentration (95). Nauli et a/ recently showed that 
polycystin-1 and polycystin-2 are required for the flow-induced increase in 
intracellular calcium (91 ). Pkd1 mutant cells contain primary cilia but do not 
increase intracellular calcium in response to fluid flow. Incubation of wild-type 
renal epithelial cells with blocking antibodies to polycystin-1 and polycystin-2 also 
inhibits the response to fluid flow. Taken together, these findins suggest that 
polycystin-1 and polycystin-2 have a mechanosensory function in renal cilia that 
is coupled to intracellular calcium (96, 97). 

PKD in Mice Lacking Renal Cilia 

To directly test the role of primary cilia in the pathogenesis of PKD, our 
laboratory has produced mutant mice that lack renal cilia (98). We reasoned that 
if ADPKD is caused by mutations that inhibit the function of polycystin-1 and 
polycystin-2 in renal cilia, then mutant mice that completely lack renal cilia should 
develop polycystic kidneys. Cilia are synthesized by intraflagellar transport 
(1FT), a process that was first described in the green alga Chlamydomonas (2, 5). 
Since cilia do not contain endoplasmic reticulum or ribosomes, their protein 
constituents must be imported from the cell body then transported to their proper 
locations along the ciliary axoneme. 1FT refers to (b) /--~ 

l.l... ""' \ 

(1FT particles) that carry cargo from the base of I ; \ 
the transport of large multiprotein complexes : ~- · 

the cilium to the tip (Fig. 16). 1FT particles are ·11 . , 

:~~ci~~=dmi~rot~~~~:~u~r th~0~~~~~r/h::on~~v:. "~ . . t.·. l j 
The outward (anterograde) movement of 1FT • !It 
particles is mediated by the motor protein, , , i , , ,:; v c,sicro 

kinesin-11, whereas the retrograde movement is I , I "/M>w Jhlbure 

mediated by a cytoplasmic dynein2
. ~· ' / pll:smc 

Kinesin-11 is a heterotrimeric protein ~ 
II B&\sal 

Body 

composed of two motor subunits, KIF3A and _ /._,.-~. ~ -;... 

KIF3B (Kinesin family 3A and 38), and one non- //"'" _ l. __ I _·. r'\ .. \ , ~ ra 
motor subunit, KAP3 (Kinesin associated ,.... .. ~ . r 
protein 3) (99). KIF3A and KIF3B contain a Figure 16. Diagram of intraflagellar 
globular domain that moves processively along transport (1FT). Kinesin-11 

mediates outward movement of 
the microtubules in an ATP-dependent manner. IFT particles along the ciliary 
An extended coiled-coil mediates axoneme. Retrograde transport is 
l- - .a. - ... - -1:-- .. :-- .&.= - - -a-....J .Ll- - :a-..L - .. --.L=-- .. . :.&.1-
llt:U: n UUII llt:IIL.d.LIUII d.IIU Lilt: II llt:l d.lJLIUII VVILII mediated iJy CytOpiasmiC dynein i , 

From reference 5. 

2 These molecular motors are different from the axonemal dyneins that are responsible for ci liary 
beating. Kinesin-11 and cytoplasmic dyneins mediate protein transport within the cilium and are 
found in both motile and primary cilia. They are not involved in ciliary motility. 
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KAP. Conventional knockout mice that 
completely lack KIF3A or KIF3B are 
unable to synthesize cilia. The 
absence of cilia in the embryonic node 
produces randomization of left-right 
asymmetry, further verifying the 
involvement of nodal cilia in left-right 
axis determination (26). In addition, 
the conventional kinesin-11 knockout 
mice develop abnormalities of the 
neural tube, pericardium, branchial 
arches, and somites and are 
embryonic lethal (28, 1 00). Although 
these studies demonstrated that 
kinesin-11 was essential for the 
synthesis of cilia, the early embryonic 

Figure 17. Gross appearance of kidneys 
from kidney-specific kinesin-11 knockout 
mice (left) and normal mice (right). 

lethality prevented study of the kidney phenotype. 

To circumvent embryonic lethality, we created a kidney-specific knockout 
of the KIF3A subunit of kinesin-11 in transgenic mice. We used a genetic 
technique, called Cre/loxP recombination, to inactivate the kinesin-11 gene 
(KIF3A) specifically in renal tubules (98). In all other tissues besides the kidney, 
the kinesin-11 gene was not affected. Analysis of kidney-specific kinesin-11 
knockout mice showed that the expression of kinesin-11 (KIF3A) mRNA and 
protein was inhibited in the kidney but was unchanged in other tissues. The 
inactivation of kinesin-11 resulted in the absence of primary cilia in the renal 
tubules. Kidney-specific kinesin-11 mutant mice were viable and did not have situs 

Figure 18. Renal pathology of kidney-specific kinesin-11 knockout mice at the indicated 
number of days after birth. cy, cysts. 
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inversus or other gross organ 
abnormalities at birth. However, 
the mice developed polycystic 
kidneys shortly after birth (Figs. 
17 and 18). Renal cysts first 
appeared in the collecting ducts 
at 5 days after birth, and by age 
35 days the kidneys were 
massively enlarged due to the 
presence of large fluid-filled cysts 
in the cortex and medulla. The 
cysts were lined by a single layer 
of cyst epithelial cells and were 
surrounded by atrophic tubules 
and areas of interstitial fibrosis. 
Measurements of BUN showed 
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Figure 19. Renal function in kidney-specific 
kinesin-11 knockout mice (squares) and wild-type 
mice (circles). 

that the kidney-specific kinesin-11 knockout mice had normal renal function up to 
age 14 days. Thereafter, the knockout mice rapidly developed azotemia 
indicating renal failure (Fig. 19). Further analysis of the cyst epithelial cells 
revealed increased cell proliferation, increased apoptosis, apical mislocalization 
of the epidermal growth factor receptor, and activation of P-catenin signaling. 
Similar cell biological abnormalities have been observed in human cysts. These 
studies demonstrate that kidney-specific inactivation of kinesin-11 inhibits renal 
ciliogenesis and produces renal cysts, thereby providing direct evidence for the 
role of cilia in the pathogenesis of PKD. 
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Taken together, these 
findings suggest a model of renal 
cilia that is shown in Fig. 20. Renal 
cilia contain polycystin-1 , polycystin-
2, polaris, cystin, and other proteins 
that are involved in PKD. Renal cilia 
are immotile but bend in response to 
urine flow. Bending of the cilium 
produces an increase in intracellular 
calcium that is dependent on 
polycystin-1 and polycystin-2. The 
increase in cell calcium initiates a 
signaling pathway that regulates cell 

Figure 20. Model of the renal cilium. 
White arrows indicate anterograde 
intr~fl~nAII::u tr~mmnrt liFT\ mediated bv 
-- ----- --~----- ------ .--- -,-- - , -------------- ., 

kinesin-11. Polaris, cystin, polycystin-1, 
and polycystin-2 are localized in renal 
cilia. Dark arrows indicate that renal 
cilia bend in response to urine flow and 
induce an increase in intracellular 
calcium, [Ca2+]i· 



growth and differentiation. Disruption of ciliary function, either by mutations of 
polycystin-1 or polycystin-2 or by loss of renal cilia, inhibits this signaling 
pathway, which leads to uncontrolled cell growth and cyst formation. 

Perspectives 

Although overlooked for many years, primary cilia are returning to the 
spotlight. In this review, we have seen how abnormalities of primary cilia can 
produce situs inversus, retinal degeneration, and polycystic kidney disease. 
However, primary cilia are widespread and are present on most cells in the body. 
Primary cilia may be thought of as the cell's antenna permitting it to sense its 
surroundings and respond appropriately. It seems likely that abnormalities of 
primary cilia will be found to produce disease in many organs. A case in point is 
the recent discovery that Bardet-Biedl syndrome is caused by mutations of a 
protein that is expressed in the basal bodies of the cilia (1 01 ). This discovery 
suggests that abnormalities of cilia may produce obesity, learning disabilities, 
polydactyly, and diabetes in addition to eye and kidney disorders. 
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