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Abstract

Epithelial cells lining the ducts and tubules of the kidney nephron and collecting duct have a single
non-motile cilium projecting from their surface into the lumen of the tubule. These organelles
were long considered vestigial remnants left as a result of evolution from a ciliated ancestor, but
we now recognize them as critical sensory antennae. In the kidney, the polycystins and fibrocystin,
products of the major human polycystic kidney disease genes, localize to this organelle. The
polycystins and fibrocystin, through an unknown mechanism, monitor the diameter of the kidney
tubules and regulate the proliferation and differentiation of the cells lining the tubule. When the
polycystins, fibrocystin or cilia themselves are defective, the cell perceives this as a pro-
proliferative signal, which leads to tubule dilation and cystic disease. In addition to critical roles in
preventing cyst formation in the kidney, cilia are also important in cystic and fibrotic diseases of
the liver and pancreas, and ciliary defects lead to a variety of developmental abnormalities that
cause structural birth defects in most organs.
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Introduction to Cilia

The cilium is central to cystic kidney disease. Products of many of the human disease genes
localize to cilia and defects in a large number of ciliary proteins cause the disease.
Historically, the recognized functions of cilia in human biology were limited to lung health,
male fertility and preventing situs inversus. A convergence of studies in model organisms
with human genetics has produced a new view of the cilium as a key player in vertebrate
development and disease. It is now recognized that ciliary dysfunction underlies a wide
range of human disease. These “ciliopathies” encompass a diversity of symptoms that reflect
the many roles of cilia in motility and sensory perception [1]. Proteomic analysis suggests
that cilia consist of 500 to 1000 or more distinct proteins [2]. From model organism research
and human genetics, we know that mutations in many of these result in ciliary dysfunction
that can cause death or disease. Ciliary dysfunction underlies cystic diseases of kidney, liver
and pancreas, retinal degeneration or blindness, olfaction defects, skeletal abnormalities
including cranial facial defects, polydactyly, and rib cage abnormalities, along with brain
malformations and hydrocephaly. In addition, disturbances of the left-right axis have been
expanded beyond the relatively benign situs inversus, to include structural birth defects in
the heart, lungs and abdominal organs. While this review will focus on basic biology of cilia
and their involvement in cystic disease of the kidney (Figure 1), extensive reviews on the
role of cilia in many organ systems and development are available including skeleton [3],
brain and neural tube [4], vision [5] and heart [6].

With only a few exceptions, cells in vertebrate organisms assemble cilia at some point in
development. In some cell types, the cilia are only present during development and regress
once development is complete. In other cell types, including the tubular epithelium of the
kidney, cilia remain through the life of the individual. Cilia can be either motile or non-
motile. Moatile cilia have both motility and sensory functions while non-motile cilia have
only sensory functions. The types of sensory inputs that can be detected by cilia include
light detection by the rod and cone outer segments of the retina, odorants by the olfactory
cilia, and fluid flow by kidney cilia along with diverse hormonal and chemical signals by
cilia on neuronal and other cells throughout the body. Typically, motile cilia use the energy
of ATP to move cells through the environment or to move fluid over the surface of cells. In
mammals, defects in the sperm flagellum (cilium) can impair sperm motility and cause male
infertility. In tissues such as lung, brain, and the oviduct, epithelial cells have multiple cilia
that use a coordinated beat to move mucus with trapped debris, cerebral spinal fluid or
oocytes. Ciliary motility defects in the respiratory epithelium typically cause chronic lung
disease due to insufficient mucociliary clearance. In mice, defects in the cilia on the
ependymal cells of the brain cause a high incidence of hydrocephaly, and motility defects
appear to be a risk factor for hydrocephaly in humans [7]. Both the motility and sensory
functions of the mono-cilia (or primary cilia) on the node of mammalian embryos are critical
for establishment of the left-right axis during development. These cilia are unusual in that
most primary cilia are non-motile and serve only as sensory organelles.

The sensory functions of cilia rely on the localization of specific receptors in the ciliary
membrane and the organization of signal transduction cascades around the cilium and the
centrosome. The number of receptors known to localize to the ciliary membrane continues to
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grow, revealing a variety of signal transduction pathways modulated by the cilium. In the
kidney, the polycystins and fibrocystin localize to cilia but the ligands and pathways in
which they participate in are not fully understood. During development, cilia have been
proposed to participate in PDGF, Wnt, planar cell polarity, G-protein coupled receptor
(GPCR), hippo and hedgehog signaling. In PDGF signaling, the PDGFaa receptor localizes
to cilia and regulates the Mek1/2-Erk1/2 pathway in growth arrested fibroblasts [8]. Cilia are
implicated in Wnt signaling because ciliary dysfunction causes upregulation of canonical
Whnt signaling [9-13]. However, this is controversial as Ocbina et a/, did not find evidence
for altered Wnt signaling in a cilium mutant [14]. In addition, polycystin-1 can bind Wnt
ligands and has been proposed to be a Wnt receptor [15] but the mechanism of ciliary
control of the Wnt pathway has not been established. Cilia also play a role in planar cell
polarity. Polycystins are required for oriented cell division in the kidney and the homologues
of numerous Drosophila planar cell polarity proteins are required for ciliogenesis in
vertebrates [16, 17]. The participation of cilia in GPCR signaling is evidenced by the large
number of seven-transmembrane receptors found in cilia. These include the somatostatin
receptor 3, the 5HT6 serotonin receptor, and three isoforms of the dopamine receptor along
with a variety of other receptors [18]. The hippo pathway is regulated by the
nephronophthisis cystic kidney disease gene products NPHP4 [19] and NEK8/NPHP9 [20,
21]. Additionally, knockout of the hippo pathway component TAZ results in multicystic
kidneys with embryonic onset [22]. Hedgehog signaling is the best understood of the
pathways that are organized around the cilium.

Hedgehog signaling involves the dynamic movements of receptors, cofactors and
transcription factors into and out of cilia. In the basal, non-stimulated state, patchedl, a
twelve transmembrane protein resides in the ciliary membrane and represses the pathway.
Upon activation, patched-1 exits the cilium allowing the seven-transmembrane receptor
smoothened to enter the cilium [23, 24] along with the Gli transcription factors. These
transcription factors are thought to be processed in the ciliary compartment and then directed
to the nucleus to control gene expression [25]. The hedgehog pathway is critical for
mammalian development and many of the structural birth defects that are caused by ciliary
dysfunction can be traced to defective hedgehog signaling. Hedgehog signaling plays critical
roles in the development of the kidney and urinary tract with mutations in hedgehog genes
leading to renal aplasia, hydronephrosis, hydroureter, and duplex kidneys among other
phenotypes [26, 27]. The loss of hedgehog components does not lead to cystic disease [26—
28] however, inhibiting the hedgehog pathway reduced cyst growth driven by the loss of an
IFT-A gene [29]. Mutations in Glis2, which is structurally related to the Gli transcription
factors of the hedgehog pathway cause nephronophthisis. Curiously, the Glis2 transcription
factor localizes to cilia [30] but whether it participates in a hedgehog-like pathway remains
to be determined.

Left-right patterning is another critical developmental pathway that is controlled by cilia and
cystic kidney disease genes. The early vertebrate embryo is left right symmetrical and this
symmetry is broken by action at the node. The node contains two populations of ciliated
cells. The cilia on the cells in the center of the node have a rotary-like motility. The direction
of rotation is controlled by the chirality of the basal body and the cilia are tipped towards the
posterior end of the embryo. This results in net left ward flow of fluid across the node. This

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 4

flow is detected by non-motile cilia on the edge of the node. Polycystin-2 and
polycystin-1L1 defects lead to disturbances of left-right patterning indicating that they are
involved in detecting or transmitting the signal generated by nodal flow [31, 32]. The signal
transmitted by nodal flow is controversial but it activates the nodal signal transduction
cascade to cause differential expression of genes on the left and right sides of the embryos
[33]. These gene expression cascades influence cell type determination, proliferation,
migration and apoptosis to generate the proper placement and development of the internal
organs. Situs inversus is a complete reversal of the left-right axis and causes little detriment
to the individual. In contrast, the heterotaxies, where incomplete axis reversal occurs, can
cause severe developmental defects and death. The heterotaxies include right and left
isomerisms, midline placement of organs and more subtle alterations in left-right patterning.
This can lead to blood vessel and organ anomalies including congenital heart malformations.
Mouse embryos lacking cilia have severe structural heart defects and die at mid-gestation
(embryonic day 10.5), shortly after the initiation of heart beat [34]. It is likely that heart
defects are major contributors to death, but placental or other defects have not been ruled
out. In human development, heartbeat is initiated at approximately embryonic day 22
suggesting that lack of cilia is likely to cause first trimester miscarriages. This is supported
by the finding that to date, no human individuals completely lacking cilia have been
identified. Mutations that affect ciliary maotility, but do not prevent ciliary assembly, such as
those found in Primary Ciliary Dyskinesia (PCD) also can cause heterotaxy. However, when
only motility is affected, the heterotaxy is less severe and prenatal development is not greatly
impaired. Less severe ciliary defects are likely contributors to the structural heart defects
seen in the clinic. Cardiac malformations are found in as many as 1% of newborns [35] and
evidence for ciliary dysfunction is prevalent in this population [36, 37]. Interestingly, several
studies have found that patients with cardiac malformations often have kidney and urinary
tract abnormalities [38]. In addition to heart defects, left right patterning defects can lead to
structural lung malformations, asplenia or polysplenia along with liver lobation defects. In
the kidney, left-right patterning does not play a role in organ development but places the
kidneys along the cranialcaudal axis. In mice, the right kidney is located more cranially
while the left is positioned more craniallyin humans and mutations that affect left-right
patterning alter kidney placement.

Cilia Structure

Cilia consist of a microtubule-based cytoskeleton called the axoneme that is surrounded by
an extension of the plasma membrane and associated cytoplasm or ciliary matrix. The
axoneme serves as a scaffold to anchor and organize the proteins that carry out the sensory
and motile functions of cilia. The typical axoneme consists of nine doublet microtubules
arranged around the circumference of a cylinder (Figure 2). A pair of singlet microtubules is
usually present in the center of the axoneme of motile cilia but absent from non-motile cilia.
The doublet microtubules are templated from the distal end of the basal body or mother
centriole, which is embedded within the centrosome. In addition to templating the
microtubules of the axoneme, the centriole organizes the interphase microtubule network
and the mitotic spindle. The centriole is composed of nine triplet microtubules, two of which
are continuous with the doublets of the axoneme. In addition to multiple tubulin isoforms
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that make up the triplets, more than thirty different proteins contribute to the internal
structure of the centriole and form distal and subdistal appendages [39-41]. The distal
appendages link the centriole to the membrane through structures known as the transition
fibers. Defects in centriolar proteins can cause ciliopathy-like diseases (oral facial digital
syndrome, hydrolethalus syndrome) and the phenotypically distinct disease, microcephaly.
The ciliopathy-like syndromes are probably caused by an inability of the affected centriole
to assemble cilia. OFD1, which is defective in oral facial digital syndrome patients, is
required for the formation of the distal appendages [42], which are needed to anchor the
cilium to the membrane and may provide docking sites for intraflagellar transport proteins
[43]. Similarly, the hydrolethalus syndrome gene product /Y.L S1 is a component of the
centriole wall that may be specifically involved in anchoring the centriole to the membrane
for ciliogenesis [44]. The centriolar proteins (STIL, CPAP, CEP152, CEP135 and CEP63)
mutated in primary microcephaly are likely to affect non-ciliary functions of the centriole
such as orientation of the mitotic spindle, which is critical for neurogenesis [4, 41].
Interestingly other microcephaly gene products associate with the centrosome that surrounds
the centriole and are also likely to be involved in mitotic spindle orientation [45]. Like the
centriole, the centrosome is important for organizing the interphase microtubule network and
the mitotic spindle and it is rich in microtubule nucleation and anchoring proteins. The
centrosome also is enriched for a large number of signaling components suggesting that it
influences a variety of signaling pathways [46]. Centrosomal defects also contribute to
ciliary dysfunction as RNAi knockdown of a number of centrosomal proteins reduced
assembly of primary cilia [47].

The ciliary axoneme is surrounded by an extension of the plasma membrane of the cell.
While the ciliary membrane is continuous with the cell membrane, it is a unique
compartment and home to specific receptors. The base of the cilium contains a barrier that
isolates the ciliary membrane from the rest of the plasma membrane. It appears that this
barrier is largely achieved by the transition zone and an associated septin ring [48], but lipid
composition may also contribute [49, 50]. The transition zone also serves to separate the
ciliary cytoplasm or matrix from the cytoplasm in the cell body. The protein composition of
the ciliary matrix is distinct from the cytoplasm in the cell body [51] but the function of
matrix proteins has not been extensively studied. The matrix is important in signal
transduction as the concentrations of second messengers like Ca2* and cAMP can be
controlled differentially in the cilium compared to the cell body and the small volume of the
ciliary matrix means that small changes in messenger number can represent large changes in
concentration [52, 53].

The ciliary transition zone is a domain at the base of the cilium between the basal body and
the cilium proper. A distinct set of proteins are associated with the axoneme in this region
including an extensive network that connects the axoneme to the ciliary membrane. The
structure of the transition zone varies from species to species but typically contains a “Y™ or
champagne glass-shaped structure that connects the outer double microtubules to the
membrane. At the membrane, the ends of the Y-shaped connectors are embedded in the
bilayer and can be observed in freeze fracture electron microscopy as rows of
transmembrane proteins known as the ciliary necklace [54]. Recently, the transition zone has
become the focus of intense study as a large number of human ciliopathy gene products have
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been found to localize to this structure. In particular, it is the gene products associated with
nephronophthisis, retinal degeneration, Joubert and Meckel-Gruber syndromes that are
enriched in the transition zone. Genetic, proteomic and high-resolution microscopy studies
indicate that the transition zone is organized in interconnecting modules. One large module
consists of Mks1, Tctnl, Tctn2, Tmem216, Tmem67, Cep290, B9d1, and Cc2d2 [55]. The
proteins in this module may make up the Y-shaped structure as this linker is missing from
Chlamydomonas Cep290 mutants [56]. Tctn2, Tmem216 and Tmem67 are transmembrane
proteins and so could provide the connection to the membrane. Another module containing
Nphp1/Nphp4/Nphp8(RpgriplL) was found at both the transition zone and at cell-cell
contacts [57]. In C. elegans, the two modules may function redundantly because single
mutations in components of either module do not block ciliogenesis, but when genes from
both modules carry mutations, cilia are not built [58]. Mouse mutations in components of the
transition zone have tissue-specific effects on ciliogenesis whereby cilia are missing from
some cells but remain on others. The cilia that remain have reduced levels of ciliary
membrane proteins suggesting that the barrier is less effective [55]. The renal phenotype
observed in humans carrying biallelic mutations in MKS, BBS, Joubert or NPHP genes as
well as syndromal IFT-gene mutations typically present with no or only small cysts and
early progressive fibrosis rather than classical enlarged polycystic kidneys observed in IFT
mouse models and humans with PKD1, PKD2 or PKHDI1 mutations (Figure 3 A,B,C,K).
End stage renal disease usually occurs in childhood or adolescence. Due to ethical concerns,
renal biopsies are not usually performed on affected children making renal tissue for
functional analyses difficult to obtain. The underlying and likely shared molecular
mechanisms of pathology remain largely unknown.

Ciliary Assembly

Mammalian cilia, like most eukaryotic cilia, are assembled inside membrane projections
from the surface of the cell. Because cilia have no ribosomes, all proteins needed to build the
structure must be synthesized in the cell body and then carried into the cilium. Intraflagellar
transport (IFT) is the driving force for this process. IFT involves the movement of large
protein complexes termed IFT particles along the cilium [59]. The particles are composed of
IFT-A, IFT-B and BBSome subcomplexes, which are organized from about 30 unique
proteins [60, 61]. The IFT particles are not structural components of cilia but are cargo
adaptors that allow the molecular motors to carry proteins into the cilium for assembly and
maintenance of the organelle. The particles are transported from the cell body to the tip of
the cilium by kinesin-2 motors [60] and returned back to the cell body by cytoplasmic
dynein 2 [62].

Null alleles of IFT-B genes typically cause a complete loss of cilia, reflecting the
fundamental and critical role of most IFT-B proteins in ciliary assembly. For example, null
alleles of /ft88in Chlamydomonas, C. elegans and mouse completely fail to assemble cilia
[63-65]. The mice carrying this null allele die at embryonic day 11.5 while hypomorphic
animals survive to adulthood [64]. Similarly, mice carrying biallelic loss of function alleles
for /ft172[66], Ift80[67], /ft57[68], I1t54[69], Ift52[70], Ifi46[71], /ft38[72] and /ft20
[12] die in utero. However, not all IFT-B genes are required for ciliary assembly. In C.
elegans, 1ft22 appears dispensable for ciliary assembly [73] and in mouse, Ift25 and Ift27 are
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not needed for assembly of primary cilia [74, 75]. Mice carrying putative null mutations in
Ift25 or Ift27 survive gestation but die soon after birth with lung, heart and brain defects.
Interestingly, the loss of Ift25 or Ift27 cause hedgehog signaling defects much like other IFT-
B mutations even though the cilia are structurally normal [74, 75]. Another IFT-B
component Ift56 shows similar properties. The 77c26" allele truncates 125 amino acids
from the C-terminal end of 1ft56. Mice carrying this allele mostly survive gestation but have
polydactyly, hydrocephaly and male sterility. Similar to /fz25and /ft27 mutants, ciliary
assembly in the //t56"°P mutants is not greatly affected, but hedgehog signaling is disrupted
[76, 77].

Biallelic human mutations in genes encoding the IFT-B components IFT80, IFT172 and
IFT27 have been identified in individuals diagnosed with Jeune asphyxiating thoracic
dystrophy (JATD) / Mainzer-Saldino Syndrome (MZSDS) (OMIM #611263, #615630) and
Bardet-Biedl Syndrome (BBS, OMIM #615996). /F7172 mutations can cause JATD/
MZzSDS with mild thoracic dysplasia but with renal and retinal disease [78], isolated retinal
degeneration [79] as well as BBS with renal and retinal involvement [80]. /F780 mutations
have been identified in JATD cases with mild thoracic dysplasia without extraskeletal
findings [67] as well as short rib polydactyly syndrome (SRPS) [81]. /FT27 dysfunction
causes BBS [82] as well as a SRPS-like ciliopathy form with renal agenesis and imperforate
anus [83]. No human cases (postnatal or fetal) carrying two null alleles for IFT-B
components have been identified to date, indicating this would be incompatible with
development. Renal phenotypes described for IFT-B defects in human include
nephronophthisis-like presentations with small or no cysts, increased renal fibrosis as well as
renal agenesis in the one /F727 fetal case [83].

In contrast to IFT-B genes, mutations in IFT-A genes typically do not completely block
ciliary assembly but instead produce bulbous cilia enriched in IFT proteins. This was
originally observed in C. elegans [84] and is found in Chlamydomonas [85] and mice. In
mice, null alleles of IFT-A genes including /71144 [86], /ft140[13], /ft139[87], /ft122[88,
89] and /ft121 [90] affected ciliary structure and caused mid gestational or neonatal death.

The human phenotypes observed for hypomorphic IFT-A loss of function mutations
resemble hypomorphic IFT-B alleles with mild thoracic dysplasia that is not usually lethal,
along with childhood or adolescence-onset renal and retinal degeneration. Cranioectodermal
Dysplasia (CED, OMIM #218330), JATD and SRPS share the phenotypes of short long
bones and ribs, polydactyly in some cases (Figure 3D-G), as well as extraskeletal symptoms
such as retinal involvement (Figure 3J), nephronophthisis (Figure 3C,K) and renal, liver and
pancreatic cysts. JATD/MZSDS is considered the mild end of the SRPS spectrum and
prenatal clinical differentiation of fetal phenotypes can be difficult. /FT121/ WDR35,
IFT122, IFT144 WDR19and /IFT43 mutations cause CED. CED patients share common
features like mild thoracic dysplasia, nephronophthisis-like renal disease and retinal
degeneration with JATD/MZSD, however patients have additional ectodermal features
including coarse and slow growing hair, dysplastic finger and toe nails, sagittal
craniosynostosis and a characteristic facial gestalt [91] (Figure 3G,H). While /FT122, IFT43
and /FT121/WDR35 most often cause CED, individuals with fetal SRPS have been reported
[92-96]. Mutations in /FT144 cause both CED and JATD/MZSD [97]. /FT139B/TTC21B
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dysfunction can cause JATD as well as non-syndromic nephronophthisis [98] and a single
fetal case of SRPS has been reported [96]. All known cases, including fetal ones, presenting
with CED, JATD/MZSDS or SRPS always harbor at least one partial loss of function allele
such as a missense mutation or a non-consensus splice variation. Where examined,
fibroblasts derived from affected patients do not show significant changes in cilia length or
frequency but do show accumulations of IFT proteins in cilia [94, 99, 100].

The IFT particles are transported from the cell body to the ciliary tip by kinesin-2. The C
elegans and mammalian genomes encode heterotrimeric and homodimeric forms of this
motor. The heterotrimeric form is composed of two motor subunits (Kif3a and Kif3b) and an
accessory subunit (KAP or KIFAP3). In mouse, mutations in genes encoding the
heterotrimeric motor subunits completely block ciliary assembly and cause mid-gestational
lethality [101, 102] much like mutations in most IFT-B genes. The homodimeric kinesin is
important to ciliary assembly in C. elegans [103], but the Chlamydomonas genome does not
encode a homodimeric motor and mice with mutations in the homodimeric motor do not
have ciliopathy phenotypes [104]. In humans, no kinesin-2 mutations have been identified.
This likely reflects the critical role that kinesin-2 plays in ciliary assembly such that severe
defects would cause first trimester lethality. In addition, kinesin-2 plays non-ciliary roles in
neuronal transport and cell body vesicular transport, activities that may complicate
phenotypes [105].

Cytoplasmic dynein 2 carries IFT particles from the ciliary tip to the cell body. Currently the
motor is thought to be composed of heavy, intermediate, light-intermediate and light chains.
In Chlamydomonas, mutations in the various subunits cause the cilia to be very short and
packed with IFT particle proteins [62, 106-108]. In mouse, mutations in the heavy [109] and
light intermediate chains [110] block ciliogenesis and cause mid gestational lethality.

Mutations in the heavy chain DYNCZ2H1 [111, 112], intermediate chains WDR34[113, 114]
and WDR60[115], the light intermediate chain DYNCZ2L/1[116] and the light chain
TCTEX1DZ2[100] have been identified in patients with JATD and SRPS. 7TCTEX1DZ2 seems
to have a partially redundant function in human embryonic development as biallelic null
alleles have been identified in humans born alive while such alleles in other dynein genes are
usually lethal around mid-gestation [100]. Immunofluorescence analyses on patient
fibroblasts indicate that loss of function of dynein-2 results in shortened bulbous cilia
containing accumulated IFT proteins, compatible with a retrograde IFT defect as observed in
model organisms [99, 100]. The accumulation of IFT particle proteins in cilia is similar to
what is observed in IFT-A patient fibroblast cilia [94, 97]. However clinically, dynein-2
patients (except for TCTEX1D2) present with a more severe thoracic phenotype than IFT-A
patients. Dynein-2 mutations typically cause 20-30% lethality in the first two years of life
whereas IFT-A patients develop retinal degeneration and a nephronophthisis-like renal
phenotype not observed with hypomorphic dynein-2 variants [117].

IFT-subunits are rich in WD40, TPR and coiled-coil domains. Human IFT gene mutations
often, but not exclusively, affect WD40 domains. These domains fold into circular beta-
propeller structures that facilitate protein-protein interactions. Potentially, the human
mutations could disrupt specific interactions with ciliary cargos and thus account for the
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allele-specific phenotypes that are observed with particular IFT-A mutations. For example,
mutations in /FT122, IFT43, IFT144 and IFT121/ WDR35 cause ectodermal defects but
these are not seen in /F7140, dynein-2 or IFT-B components. In addition, nephronophthisis-
like renal disease and retinal degeneration are observed in CED and JATD patients with IFT-
A, IFT-B but not dynein-2 mutations. Work to establish ciliary cargos for specific IFT
proteins is in its infancy but IFT-A is important for the delivery of GPCRs and other
membrane proteins to cilia. This appears to work through TULP3, which binds IFT-A and
ciliary targeting sequences in membrane proteins [118, 119]. In Chlamydomonas, IFT140 is
required for ciliary assembly, but the ciliary assembly of a null allele can be partially rescued
with a truncated version lacking the N-terminal WD40 repeats. These cilia are about half-
length and have a largely normal protein composition except for a notable reduction in
proteins predicted to be myristoylated or prenylated [120]. Ciliary trafficking of lipid
modified proteins typically involves carrier proteins in the RhoGDI family such as UNC119
and Pde6delta [121, 122] suggesting that the IFT140 N-terminal WD repeats may interact
with RhoGDI-like chaperones.

In addition to IFT-A and IFT-B, a third complex called the BBSome is carried along the
cilium by IFT. Unlike the IFT proteins, which were first identified by cell biological
approaches in green algae, the BBSome components were first identified as disease genes in
human patients with Bardet-Biedl syndrome (BBS). Later it was shown that these proteins
traffic along cilia with IFT particles [123] and assemble into a large complex [61]. In
Chlamydomonas, null mutations in the BBSome components BBS1, BBS4 and BBS7 do not
affect ciliary assembly but alter cell behavior and cause a time-dependent accumulation of
proteins in the cilium [124]. In C. elegans, the BBSome appears to hold IFT-A and IFT-B
together. Defects in BBS7 and BBS8 affect ciliary structure and alter behavior [123, 125]. In
the mouse, mutations in BBSome components Bbs1 [126], Bbs2[127], Bbs4[126, 128],
Bbs7[129, 130], Ttc8/Bbs8[131] and Bbip1[132] cause phenotypes that are milder than
what is observed with IFT mutants and at least some homozygous animals survived to
adulthood in each of the lines. In general, the mouse BBS mutations modeled the obesity,
olfactory and retinal degeneration phenotypes seen in the human BBS patients. Cilia
formation has not been fully documented in most of the mouse lines, but in Bbs4 animals,
sperm did not form flagella, but other cilia appeared normal [128]. Interestingly, Bbs2and
Bbs4 mutant animals failed to localize the seven transmembrane receptors Sstr3 and Mchrl
to neuronal cilia [133]. This would suggest that the BBSome is not required for ciliary
assembly but likely plays critical roles in the trafficking of specific cargos into cilia. Careful
analysis of respiratory cilia in Bbs2and Bbs4 lines indicated that these proteins are not
required for ciliary assembly but a fraction of the mutant cilia had bulges and other
structural abnormalities. These abnormalities may increase with time suggesting that the
BBSome is needed for maintenance rather than initial assembly [134]. This ideas is
consistent with the observation that rod and cone outer segments appeared to form normally
in Bbs4 mice but then degenerate with time [128] and the finding in Chlamydomonas that
BBS-mutant cilia accumulated abnormal proteins with time suggesting that the BBSome is
primarily used for removal of proteins from cilia [124].

Similar to what is observed regarding phenotype severity in mouse BBS mutants, human
individuals with biallelic BBS gene-loss-of-function variants typically survive to birth and
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usually survive into mid or late adulthood. The human phenotype strongly resembles what is
observed in mice. After a period of muscle hypotonia, often associated with feeding
problems during the first year of life, affected individuals develop severe obesity (Figure 31)
with metabolic derangement including hypercholesterinemia and diabetes mellitus. Postaxial
polydactyly is a common feature at birth and most affected individuals develop progressive
retinal degeneration starting from childhood or adolescence. Many become legally blind in
adulthood. Developmental delay of varying degree is another phenotypic feature. Male
individuals often suffer from hypogenitalism. A subset of patients develops a renal cystic or
non-cystic nephronophthisis-like phenotype with marked tubulointerstitial fibrosis with
childhood or adolescent onset. Rarely polycystic kidneys are observed during prenatal
ultrasound with normalization after birth [135, 136]. To date, mutations in 22 genes have
been identified to cause BBS, namely BBS1, BBSZ, ARL6 (BBS3), BBS4, BBS5, MKKS
(BBS6), BBS7, TTC8(BBS8), BBSY, BBS10, TRIM32(BBS11), BBS12MKS1 (BBS13),
CEP290 (BBS14), WDPCP (BBS15), SDCCAGS (BBS16), LZTFL1 (BBS17), BBIP1
(BBS18), /FT27(BBS19), /FT172(BBS20), C30rf37(BBS21) and /FT74[136]. Eight of
these genes (BBS1, BBSZ, BBS4, BBS5, BBS7, TTC8/BBS8, BBS9and BBIPI) encode
subunits of the BBSome and two encode BBSome binding proteins (ARL6/BBS3and
LZTFL 1/BBS17) while the remaining encode IFT and other ciliary proteins. BBS1
p.M390R, a widespread founder allele in the Caucasian population seems to result in a mild
phenotype with slower progression of retinal disease, less pronounced metabolic
disturbances and infrequent end stage renal disease [137, 138]. Interestingly, apparently
unaffected individuals homozygous for the M390R variant have been described and it has
been suggested that in some families carrying M390R, a variant in a second BBS gene is
required to produce the BBS phenotype (so-called triallelic inheritance) [139, 140].
However, the majority of human patient alleles identified to date are null alleles and tri-
allelic inheritance is rare [141, 142]. For example, mutations in BBSI0and BBS12seems to
cause a more pronounced renal phenotype than mutations in BBS1 [137, 143]. IFT-A gene
mutations do not seem to cause BBS but individuals with CED and JATD/MZSDS carrying
biallelic IFT-A and IFT-B mutations share phenotypic features of renal and retinal disease
with BBS patients while JATD patients with dynein mutations present with a more severe
skeletal phenotype but usually do not develop extraskeletal findings (at least not until mid-
adulthood).

Alstrom Syndrome is an autosomal recessively inherited ciliopathy, phenotypically very
similarto BBS. Biallelic null alleles in ALMS1 have been identified as the sole cause to date
[144]. In addition to the polydactyly, obesity, developmental delay, renal and retinal disease
that are observed in BBS patients, Alstrom patients also develop pronounced liver disease,
hearing loss and cardiomyopathy. Cardiac complications limit life expectancy [145] and may
result from impaired cardiomyocyte terminal differentiation with increased postnatal
proliferation rates. Normally cardiomyocyte expansion is high during the embryonic period
but declines postnatally and cells terminally differentiate into cardiac muscle [146].
However, in siRNA mediated ALAMSI knockdown cardiomyocytes, in A/msI™~ mice as
well as in ALMSI patients undergoing heart transplantation, increased cardiomyocyte
proliferation rates were noted compared to controls. This suggests that in Alstrom syndrome,
cardiomyocytes remain proliferative beyond the normal window of postnatal development
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[147]. As in BBS, renal fibrosis is frequently observed rather than a true polycystic renal
phenotype [148]. ALMSL localizes to centrioles [149] and ALMSL loss of function results
in truncated cilia [150]. A/msI~'~ mice recapitulate the human phenotype. In these animals,
shortened cilia were noted in the Kidney epithelia cells with increased apoptosis in proximal
tubules [151] but the mechanism behind the renal phenotype remains unclear.

Cilia in Non-Syndromic Cystic Kidney Disease

As described in other chapters in this volume, there are two major types of non-syndromic
cystic kidney disease. The most common being adult onset or autosomal dominant PKD
(ADPKD), which affects 1 in 1000 or more adults worldwide and causes end stage renal
disease in about half of affected individuals. ADPKD kidneys can grow to an enormous size
due to the developing cysts (Figure 3A). The other being infantile or autosomal recessive
PKD (ARPKD), which affects about 1 in 20,000 individuals. The recessive disease causes
neonatal death in about one third of affected individuals due to lung insufficiency and leads
to kidney, liver and pancreas cysts along with organ fibrosis in the survivors. Whereas it is
clear that cilia are key to the syndromic forms of cystic disease, the role of cilia in autosomal
dominant and autosomal recessive PKD continues to be debated.

Autosomal dominant polycystic kidney disease is caused by mutations in PkdZ and Pkad?,
which encode polycystin-1 and polycystin-2. Polycystin-2 is a clear member of the Trp
family of cation channels. The transmembrane region of polycystin-1 shares sequence
homology with polycystin-2 and other Trp family channels but has a large N-terminal
extension that extends into the extracellular space. The polycystins have been localized to
various sites in the cell but are prominently localized to cilia [152-155]. The function of the
ciliary polycystins is not clear with the main model suggesting that they detect flow as a
measure of tubule diameter [156]. Other work has not been able to detect flow induced
calcium currents from the polycystins or cilia [157] raising questions that will require more
study [158]. Furthermore intravital imaging shows that in mice, the kidney cilia are bent
along the wall of the tubule and do not oscillate under normal conditions [159]. Other
models for the function of polycystins include polycystin-1 being a receptor for Wnt ligands
[15]. This is an attractive model as Wnt signaling is critical to kidney development and is
likely to be important in the etiology of cystic disease [160].

Mutations in the Pkhd gene lead to autosomal recessive PKD. The encoded protein,
fibrocystin or polyductin, is a single pass transmembrane protein with a large extracellular
N-terminal domain and a short C-terminal tail residing in the cytoplasm [161]. Based on the
presence of the large extracellular domain, it is expected that fibrocystin is a receptor but the
ligand is unknown. Whether this protein localizes to cilia has not been completely resolved.
The C-terminal end adjacent to the transmembrane domain encodes a strong ciliary targeting
sequence suggesting that it is a ciliary protein [162]. In addition, a Chlamydomonas paralog
of fibrocystin was found in the ciliary proteome [2]. In mammalian cells, endogenous
fibrocystin has been localized to cilia [163, 164] and the centrosome at the base of the cilium
[165, 166]. Localization studies with new antibodies always suffer from concerns about
whether the staining represents the true localization of the protein. To overcome this
problem, epitope tagged fibrocystin constructs have been made. In one study, the C-terminal
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end was tagged with HA. This construct localized to vesicle-like structures at the apical ends
of the cell. It is not clear if these structures represent the centrosome, but no ciliary
localization was seen [167]. In another study, the N-terminus, just downstream of the signal
sequence, was tagged with SV5-PK tags. This form of fibrocystin localized to cilia, although
it was proposed that the fibrocystin was secreted in exosome-like vesicles and then delivered
to the ciliary membrane from the extracellular space [168]. Understanding the true
fibrocystin localization will require more extensive studies with well-characterized
antibodies along with PkAdZ-null cells as negative controls.

In humans, autosomal-recessive polycystic kidney disease is caused by PKHDI loss of
function mutations. PKHD1 is expressed in a number of epithelia including renal, neural,
hepatic and intestinal tubules during embryonic development. Mutations have been
described along the full length of the gene without any evident clustering pattern. However,
phenotype severity correlates with mutation type as individuals carrying two null alleles
often present with earlier onset and faster disease progression than individuals with missense
mutations [169]. In severe cases, renal function is impaired prenatally resulting in
insufficient urine production by the fetus. This results in the Potter sequence where the lack
of urine production causes oligo- or anhydramnios, which in turn causes severe pulmonary
hypoplasia as the lungs are no longer fluid filled during development. Affected children
often do not survive due to respiratory insufficiency. Early loss of renal function is
commonly observed in ARPKD with many individuals requiring dialysis and/or renal
transplantation in childhood. In addition, development of renal cysts can be accompanied by
hepatic cysts and fibrosis, damaging the liver and likewise rendering liver transplantation
necessary. Compared to cysts in ADPKD, ARPKD cysts are smaller, and in ultrasound
imaging the kidneys present with a typical “salt and pepper” pattern (Figure 3B).

The fact that ciliary dysfunction or loss of the polycystins cause cystic disease suggests a
simple model where ciliary localization of the polycystins is required for their activity. Thus,
losing either the polycystins or the site of polycystin activity would cause cystic disease.
However, studies removing both cilia and the polycystins suggest a much more complex
relationship. Ma and colleagues combined floxed alleles of the polycystin genes with floxed
alleles of IFT components such that they could produce animals lacking only the
polycystins, both the polycystins and cilia, or cilia alone. Kidneys lacking the polycystins
became massively cystic. Kidneys lacking cilia also became cystic but the severity was much
reduced compared to those lacking the polycystins. Unexpectedly, the loss of both the
polycystins and cilia produced a mild form of the disease suggesting that the loss of cilia
compensated for the loss of the polycystins. This suggests that the cilium produces a
procystic signal that is normally inhibited by the polycystins [170]. The identity of this
procystic signal is unknown but its identification has great potential for elucidating the
pathway downstream of the polycystins.

In the two decades since the discovery of a connection between cilia and polycystic kidney
disease, we have learned much about the structure and assembly mechanisms of cilia and
identified a plethora of human diseases caused by ciliary dysfunction. Major questions that
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remain in the field are what signals are detected by cilia to control tubule diameter and
prevent cyst formation and what signal transduction pathways carry this information from
the ciliary receptors to the nucleus to control proliferation. Answers to these questions will
advance the field towards a cure for this important cause of end stage renal disease.

Acknowledgments

This work was supported by National Institute of Health grants GM060992 and DK103632 to G.J.P., the European
Research Council (ERC, StG TREATCilia, grant agreement number 716344) and the German Research Foundation
(DFG, CRC1140, KIDGEM) to M.S.

Abbreviations:

ADPKD autosomal dominant polycystic kidney disease
ARPKD autosomal recessive polycystic kidney disease
BBS Bardet Biedl Syndrome

CED Cranioectodermal Dysplasia

GPCR G-protein coupled receptor

IFT intraflagellar transport

JATD Jeune asphyxiating thoracic dystrophy
MZSDS Mainzer-Saldino Syndrome

PCD Primary Ciliary Dyskinesia

PKD polycystic kidney disease

SRPS short-rib polydactyly syndrome

References

[1]. Brown JM, Witman GB Cilia and Diseases. Bioscience. (2014);64(12):1126-37. 10.1093/biosci/
biul74. [PubMed: 25960570]

[2]. Pazour GJ, Agrin N, Leszyk J, Witman GB Proteomic analysis of a eukaryotic cilium. J Cell Biol.
(2005);170(1):103-13. 10.1083/jch.200504008. [PubMed: 15998802]

[3]. Huber C, Cormier-Daire V Ciliary disorder of the skeleton. Am J Med Genet C Semin Med Genet.
(2012);160C(3):165-74. 10.1002/ajmg.c.31336. [PubMed: 22791528]

[4]. Thomas S, Boutaud L, Reilly ML, Benmerah A Cilia in hereditary cerebral anomalies. Biol Cell.
(2019);111(9):217-31. 10.1111/boc.201900012. [PubMed: 31177551]

[5]. Bujakowska KM, Liu Q, Pierce EA Photoreceptor Cilia and Retinal Ciliopathies. Cold Spring
Harb Perspect Biol. (2017);9(10). 10.1101/cshperspect.a028274.

[6]. Klena N, Gabriel G, Liu X, Yagi H, Li Y, Chen Y, et al. Role of Cilia and Left-Right Patterning in
Congenital Heart Disease In: Nakanishi T, Markwald RR, Baldwin HS, Keller BB, Srivastava D,
Yamagishi H, editors. Etiology and Morphogenesis of Congenital Heart Disease: From Gene
Function and Cellular Interaction to Morphology. Tokyo 2016 p. 67-79.

[7]. 1banez-Tallon I, Pagenstecher A, Fliegauf M, Olbrich H, Kispert A, Ketelsen UP, et al.
Dysfunction of axonemal dynein heavy chain Mdnah5 inhibits ependymal flow and reveals a

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 14

novel mechanism for hydrocephalus formation. Hum Mol Genet. (2004);13(18):2133-41.
10.1093/hmg/ddh219. [PubMed: 15269178]

[8]. Schneider L, Clement CA, Teilmann SC, Pazour GJ, Hoffmann EK, Satir P, et al.

PDGFRalphaalpha signaling is regulated through the primary cilium in fibroblasts. Curr Biol.
(2005);15(20):1861-6. 10.1016/j.cub.2005.09.012. [PubMed: 16243034]

[9]. McDermott KM, Liu BY, Tlsty TD, Pazour GJ Primary cilia regulate branching morphogenesis

[10].

[11].

[12].

[13].

[14].

[15].
[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

during mammary gland development. Curr Biol. (2010);20(8):731-7. 10.1016/j.cub.2010.02.048.
[PubMed: 20381354]

Ross AJ, May-Simera H, Eichers ER, Kai M, Hill J, Jagger DJ, et al. Disruption of Bardet-Bied|
syndrome ciliary proteins perturbs planar cell polarity in vertebrates. Nat Genet. (2005);37(10):
1135-40. 10.1038/ng1644. [PubMed: 16170314]

Corbit KC, Shyer AE, Dowdle WE, Gaulden J, Singla V, Chen MH, et al. Kif3a constrains beta-
catenin-dependent Wnt signalling through dual ciliary and non-ciliary mechanisms. Nat Cell
Biol. (2008);10(1):70-6. 10.1038/nch1670. [PubMed: 18084282]

Jonassen JA, San Agustin J, Follit JA, Pazour GJ Deletion of IFT20 in the mouse kidney causes
misorientation of the mitotic spindle and cystic kidney disease. J Cell Biol. (2008);183(3):377—
84. 10.1083/jch.200808137. [PubMed: 18981227]

Jonassen JA, SanAgustin J, Baker SP, Pazour GJ Disruption of IFT complex A causes cystic
kidneys without mitotic spindle misorientation. J Am Soc Nephrol. (2012);23(4):641-51.
10.1681/ASN.2011080829. [PubMed: 22282595]

Ocbina PJ, Tuson M, Anderson KV Primary cilia are not required for normal canonical Wnt
signaling in the mouse embryo. PLoS One. (2009);4(8):e6839 10.1371/journal.pone.0006839.
[PubMed: 19718259]

Kim S, Nie H, Nesin V, Tran U, Outeda P, Bai CX, et al. The polycystin complex mediates Wnt/
Ca(2+) signalling. Nat Cell Biol. (2016);18(7):752-64. 10.1038/ncb3363. [PubMed: 27214281]

Fischer E, Legue E, Doyen A, Nato F, Nicolas JF, Torres V, et al. Defective planar cell polarity in
polycystic kidney disease. Nat Genet. (2006);38(1):21-3. 10.1038/ng1701. [PubMed: 16341222]

Wallingford JB, Mitchell B Strange as it may seem: the many links between Wnt signaling,
planar cell polarity, and cilia. Genes Dev. (2011);25(3):201-13. 10.1101/gad.2008011. [PubMed:
21289065]

Hilgendorf Kl, Johnson CT, Jackson PK The primary cilium as a cellular receiver: organizing
ciliary GPCR signaling. Curr Opin Cell Biol. (2016);39:84-92. 10.1016/j.ceb.2016.02.008.
[PubMed: 26926036]

Habbig S, Bartram MP, Muller RU, Schwarz R, Andriopoulos N, Chen S, et al. NPHP4, a cilia-
associated protein, negatively regulates the Hippo pathway. J Cell Biol. (2011);193(4):633-42.
10.1083/jch.201009069. [PubMed: 21555462]

Frank V, Habbig S, Bartram MP, Eisenberger T, Veenstra-Knol HE, Decker C, et al. Mutations in
NEKS link multiple organ dysplasia with altered Hippo signalling and increased c-MYC
expression. Hum Mol Genet. (2013);22(11):2177-85. 10.1093/hmg/ddt070. [PubMed:
23418306]

Habbig S, Bartram MP, Sagmuller JG, Griessmann A, Franke M, Muller RU, et al. The ciliopathy
disease protein NPHP9 promotes nuclear delivery and activation of the oncogenic transcriptional
regulator TAZ. Hum Mol Genet. (2012);21(26):5528-38. 10.1093/hmg/dds408. [PubMed:
23026745]

Makita R, Uchijima Y, Nishiyama K, Amano T, Chen Q, Takeuchi T, et al. Multiple renal cysts,
urinary concentration defects, and pulmonary emphysematous changes in mice lacking TAZ. Am
J Physiol Renal Physiol. (2008);294(3):F542-53. 10.1152/ajprenal.00201.2007. [PubMed:
18172001]

Corbit KC, Aanstad P, Singla V, Norman AR, Stainier DY, Reiter JF Vertebrate Smoothened
functions at the primary cilium. Nature. (2005);437(7061):1018-21. 10.1038/nature04117.
[PubMed: 16136078]

Rohatgi R, Milenkovic L, Scott MP Patched1 regulates hedgehog signaling at the primary cilium.
Science. (2007);317(5836):372—6. 10.1126/science.1139740. [PubMed: 17641202]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 15

[25]. Haycraft CJ, Banizs B, Aydin-Son Y, Zhang Q, Michaud EJ, Yoder BK Gli2 and Gli3 localize to
cilia and require the intraflagellar transport protein polaris for processing and function. PLoS
Genet. (2005);1(4):e53 10.1371/journal.pgen.0010053. [PubMed: 16254602]

[26]. Yu J, Carroll TJ, McMahon AP Sonic hedgehog regulates proliferation and differentiation of
mesenchymal cells in the mouse metanephric kidney. Development. (2002);129(22):5301-12.
[PubMed: 12399320]

[27]. D’Cruz R, Stronks K, Rowan CJ, Rosenblum ND Lineage-specific roles of hedgehog-GLI
signaling during mammalian kidney development. Pediatr Nephrol. (2019). 10.1007/
s00467-019-04240-8.

[28]. Ma M, Legue E, Tian X, Somlo S, Liem KF Jr. Cell-Autonomous Hedgehog Signaling Is Not
Required for Cyst Formation in Autosomal Dominant Polycystic Kidney Disease. J Am Soc
Nephrol. (2019);30(11):2103-11. 10.1681/ASN.2018121274. [PubMed: 31451534]

[29]. Tran PV, Talbott GC, Turbe-Doan A, Jacobs DT, Schonfeld MP, Silva LM, et al. Downregulating
hedgehog signaling reduces renal cystogenic potential of mouse models. J Am Soc Nephrol.
(2014);25(10):2201-12. 10.1681/ASN.2013070735. [PubMed: 24700869]

[30]. Attanasio M, Uhlenhaut NH, Sousa VVH, O’Toole JF, Otto E, Anlag K, et al. Loss of GLIS2
causes nephronophthisis in humans and mice by increased apoptosis and fibrosis. Nat Genet.
(2007);39(8):1018-24. 10.1038/ng2072. [PubMed: 17618285]

[31]. Field S, Riley KL, Grimes DT, Hilton H, Simon M, Powles-Glover N, et al. Pkd1l1 establishes
left-right asymmetry and physically interacts with Pkd2. Development. (2011);138(6):1131-42.
10.1242/dev.058149. [PubMed: 21307093]

[32]. Pennekamp P, Karcher C, Fischer A, Schweickert A, Skryabin B, Horst J, et al. The ion channel
polycystin-2 is required for left-right axis determination in mice. Curr Biol. (2002);12(11):938-
43. 10.1016/s0960-9822(02)00869-2. [PubMed: 12062060]

[33]. Norris DP Cilia, calcium and the basis of left-right asymmetry. BMC Biol. (2012);10:102
10.1186/1741-7007-10-102. [PubMed: 23256866]

[34]. Slough J, Cooney L, Brueckner M Monacilia in the embryonic mouse heart suggest a direct role
for cilia in cardiac morphogenesis. Dev Dyn. (2008);237(9):2304-14. 10.1002/dvdy.21669.
[PubMed: 18729223]

[35]. Hoffman JI, Kaplan S, Liberthson RR Prevalence of congenital heart disease. Am Heart J.
(2004);147(3):425-39. 10.1016/j.ahj.2003.05.003. [PubMed: 14999190]

[36]. Fakhro KA, Choi M, Ware SM, Belmont JW, Towbin JA, Lifton RP, et al. Rare copy number
variations in congenital heart disease patients identify unique genes in left-right patterning. Proc
Natl Acad Sci USA. (2011);108(7):2915-20. 10.1073/pnas.1019645108. [PubMed: 21282601]

[37]. Nakhleh N, Francis R, Giese RA, Tian X, Li Y, Zariwala MA, et al. High prevalence of
respiratory ciliary dysfunction in congenital heart disease patients with heterotaxy. Circulation.
(2012);125(18):2232-42. 10.1161/CIRCULATIONAHA.111.079780. [PubMed: 22499950]

[38]. San Agustin JT, Klena N, Granath K, Panigrahy A, Stewart E, Devine W, et al. Genetic link
between renal birth defects and congenital heart disease. Nat Commun. (2016);7:11103 10.1038/
ncomms11103. [PubMed: 27002738]

[39]. Breslow DK, Holland AJ Mechanism and Regulation of Centriole and Cilium Biogenesis. Annu
Rev Biochem. (2019);88:691-724. 10.1146/annurev-biochem-013118-111153. [PubMed:
30601682]

[40]. Gonczy P, Hatzopoulos GN Centriole assembly at a glance. J Cell Sci. (2019);132(4). 10.1242/
jCs.228833.

[41]. Gonczy P Towards a molecular architecture of centriole assembly. Nat Rev Mol Cell Biol.
(2012);13(7):425-35. 10.1038/nrm3373. [PubMed: 22691849]

[42]. Singla V, Romaguera-Ros M, Garcia-Verdugo JM, Reiter JF Ofd1, a human disease gene,
regulates the length and distal structure of centrioles. Dev Cell. (2010);18(3):410-24. 10.1016/
j.devcel.2009.12.022. [PubMed: 20230748]

[43]. Deane JA, Cole DG, Seeley ES, Diener DR, Rosenbaum JL Localization of intraflagellar
transport protein IFT52 identifies basal body transitional fibers as the docking site for IFT
particles. Curr Biol. (2001);11(20):1586-90. 10.1016/s0960-9822(01)00484-5. [PubMed:
11676918]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

[44].

[45].
[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

[60].

[61].

Page 16

Dammermann A, Pemble H, Mitchell BJ, McLeod I, Yates JR 3rd, Kintner C, et al. The
hydrolethalus syndrome protein HYLS-1 links core centriole structure to cilia formation. Genes
Dev. (2009);23(17):2046-59. 10.1101/gad.1810409. [PubMed: 19656802]

Thornton GK, Woods CG Primary microcephaly: do all roads lead to Rome? Trends Genet.
(2009);25(11):501-10. 10.1016/j.tig.2009.09.011. [PubMed: 19850369]

Doxsey S, McCollum D, Theurkauf W Centrosomes in cellular regulation. Annu Rev Cell Dev
Biol. (2005);21:411-34. 10.1146/annurev.cellbio.21.122303.120418. [PubMed: 16212501]

Mikule K, Delaval B, Kaldis P, Jurcyzk A, Hergert P, Doxsey S Loss of centrosome integrity
induces p38-p53-p21-dependent G1-S arrest. Nat Cell Biol. (2007);9(2):160-70. [PubMed:
17330329]

Hu Q, Milenkovic L, Jin H, Scott MP, Nachury MV, Spiliotis ET, et al. A septin diffusion barrier
at the base of the primary cilium maintains ciliary membrane protein distribution. Science.
(2010);329(5990):436-9. 10.1126/science.1191054. [PubMed: 20558667]

Vieira OV, Gaus K, Verkade P, Fullekrug J, Vaz WL, Simons K FAPP2, cilium formation, and
compartmentalization of the apical membrane in polarized Madin-Darby canine kidney (MDCK)
cells. Proc Natl Acad Sci USA. (2006);103(49):18556-61. 10.1073/pnas.0608291103. [PubMed:
17116893]

Kamiya R, Witman GB Submicromolar levels of calcium control the balance of beating between
the two flagella in demembranated models of Chlamydomonas. J Cell Biol. (1984);98(1):97-107.
10.1083/jcb.98.1.97. [PubMed: 6707098]

Witman GB, Carlson K, Berliner J, Rosenbaum JL Chlamydomonas flagella. I. Isolation and
electrophoretic analysis of microtubules, matrix, membranes, and mastigonemes. J Cell Biol.
(1972);54(3):507-39. 10.1083/jcb.54.3.507. [PubMed: 4558009]

Delling M, DeCaen PG, Doerner JF, Febvay S, Clapham DE Primary cilia are specialized
calcium signalling organelles. Nature. (2013);504(7479):311-4. 10.1038/nature12833. [PubMed:
24336288]

Sherpa RT, Mohieldin AM, Pala R, Wachten D, Ostrom RS, Nauli SM Sensory primary cilium is
a responsive CAMP microdomain in renal epithelia. Sci Rep. (2019);9(1):6523 10.1038/
$41598-019-43002-2. [PubMed: 31024067]

Gilula NB, Satir P The ciliary necklace. A ciliary membrane specialization. J Cell Biol. (1972);
53(2):494-509. 10.1083/jch.53.2.494. [PubMed: 4554367]

Garcia-Gonzalo FR, Corbit KC, Sirerol-Piquer MS, Ramaswami G, Otto EA, Noriega TR, et al.
A transition zone complex regulates mammalian ciliogenesis and ciliary membrane composition.
Nat Genet. (2011);43(8):776-84. 10.1038/ng.891. [PubMed: 21725307]

Craige B, Tsao CC, Diener DR, Hou Y, Lechtreck KF, Rosenbaum JL, et al. CEP290 tethers
flagellar transition zone microtubules to the membrane and regulates flagellar protein content. J
Cell Biol. (2010);190(5):927-40. 10.1083/jch.201006105. [PubMed: 20819941]

Sang L, Miller JJ, Corbit KC, Giles RH, Brauer MJ, Otto EA, et al. Mapping the NPHPJBTS-
MKS protein network reveals ciliopathy disease genes and pathways. Cell. (2011);145(4):513-
28.10.1016/j.cell.2011.04.019. [PubMed: 21565611]

Williams CL, Li C, Kida K, Inglis PN, Mohan S, Semenec L, et al. MKS and NPHP modules
cooperate to establish basal body/transition zone membrane associations and ciliary gate function
during ciliogenesis. J Cell Biol. (2011);192(6):1023-41. 10.1083/jch.201012116. [PubMed:
21422230]

Kozminski KG, Johnson KA, Forscher P, Rosenbaum JL A motility in the eukaryotic flagellum
unrelated to flagellar beating. Proc Natl Acad Sci USA. (1993);90(12):5519-23. 10.1073/pnas.
90.12.5519. [PubMed: 8516294]

Cole DG, Diener DR, Himelblau AL, Beech PL, Fuster JC, Rosenbaum JL Chlamydomonas
kinesin-11-dependent intraflagellar transport (IFT): IFT particles contain proteins required for
ciliary assembly in Caenorhabditis elegans sensory neurons. J Cell Biol. (1998);141(4):993-
1008. 10.1083/jch.141.4.993. [PubMed: 9585417]

Nachury MV, Loktev AV, Zhang Q, Westlake CJ, Peranen J, Merdes A, et al. A core complex of
BBS proteins cooperates with the GTPase Rab8 to promote ciliary membrane biogenesis. Cell.
(2007);129(6):1201-13. 10.1016/j.cell.2007.03.053. [PubMed: 17574030]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

[77].

[78].

[79].

Page 17

Pazour GJ, Dickert BL, Witman GB The DHC1b (DHC2) isoform of cytoplasmic dynein is
required for flagellar assembly. J Cell Biol. (1999);144(3):473-81. [PubMed: 9971742]

Haycraft CJ, Swoboda P, Taulman PD, Thomas JH, Yoder BK The C. elegans homolog of the
murine cystic kidney disease gene Tg737 functions in a ciliogenic pathway and is disrupted in
osm-5 mutant worms. Development. (2001);128(9):1493-505. [PubMed: 11290289]

Murcia NS, Richards WG, Yoder BK, Mucenski ML, Dunlap JR, Woychik RP The Oak Ridge
Polycystic Kidney (orpk) disease gene is required for left-right axis determination. Development.
(2000);127(11):2347-55. [PubMed: 10804177]

Pazour GJ, Dickert BL, Vucica Y, Seeley ES, Rosenbaum JL, Witman GB, et al. Chlamydomonas
IFT88 and its mouse homologue, polycystic kidney disease gene tg737, are required for assembly
of cilia and flagella. J Cell Biol. (2000);151(3):709-18. [PubMed: 11062270]

Huangfu D, Liu A, Rakeman AS, Murcia NS, Niswander L, Anderson KV Hedgehog signalling
in the mouse requires intraflagellar transport proteins. Nature. (2003);426(6962):83-7. 10.1038/
nature02061. [PubMed: 14603322]

Beales PL, Bland E, Tobin JL, Bacchelli C, Tuysuz B, Hill J, et al. IFT80, which encodes a
conserved intraflagellar transport protein, is mutated in Jeune asphyxiating thoracic dystrophy.
Nat Genet. (2007);39(6):727-9. 10.1038/ng2038. [PubMed: 17468754]

Houde C, Dickinson RJ, Houtzager VM, Cullum R, Montpetit R, Metzler M, et al. Hippi is
essential for node cilia assembly and Sonic hedgehog signaling. Dev Biol. (2006);300(2):523-33.
10.1016/j.ydbio.2006.09.001. [PubMed: 17027958]

Berbari NF, Kin NW, Sharma N, Michaud EJ, Kesterson RA, Yoder BK Mutations in Traf3ip1l
reveal defects in ciliogenesis, embryonic development, and altered cell size regulation. Dev Biol.
(2011);360(1):66-76. 10.1016/j.ydbio.2011.09.001. [PubMed: 21945076]

Liu A, Wang B, Niswander LA Mouse intraflagellar transport proteins regulate both the activator
and repressor functions of Gli transcription factors. Development. (2005);132(13):3103-11.
10.1242/dev.01894. [PubMed: 15930098]

Lee MS, Hwang KS, Oh HW, Ji-Ae K, Kim HT, Cho HS, et al. IFT46 plays an essential role in
cilia development. Dev Biol. (2015);400(2):248-57. 10.1016/j.ydbio.2015.02.009. [PubMed:
25722189]

Botilde Y, Yoshiba S, Shinohara K, Hasegawa T, Nishimura H, Shiratori H, et al. Cluapl
localizes preferentially to the base and tip of cilia and is required for ciliogenesis in the mouse
embryo. Dev Biol. (2013);381(1):203-12. 10.1016/j.ydbi0.2013.05.024. [PubMed: 23742838]
Schafer JC, Winkelbauer ME, Williams CL, Haycraft CJ, Desmond RA, Yoder BK IFTA-2 is a
conserved cilia protein involved in pathways regulating longevity and dauer formation in
Caenorhabditis elegans. J Cell Sci. (2006);119(Pt 19):4088-100. 10.1242/jcs.03187. [PubMed:
16968739]

Eguether T, San Agustin JT, Keady BT, Jonassen JA, Liang Y, Francis R, et al. IFT27 links the
BBSome to IFT for maintenance of the ciliary signaling compartment. Dev Cell. (2014);31(3):
279-90. 10.1016/j.devcel.2014.09.011. [PubMed: 25446516]

Keady BT, Samtani R, Tobita K, Tsuchya M, San Agustin JT, Follit JA, et al. IFT25 links the
signal-dependent movement of Hedgehog components to intraflagellar transport. Dev Cell.
(2012);22(5):940-51. 10.1016/j.devcel.2012.04.009. [PubMed: 22595669]

Swiderski RE, Nakano Y, Mullins RF, Seo S, Banfi B A mutation in the mouse ttc26 gene leads
to impaired hedgehog signaling. PLoS Genet. (2014);10(10):e1004689 10.1371/journal.pgen.
1004689. [PubMed: 25340710]

Xin D, Christopher KJ, Zeng L, Kong Y, Weatherbee SD IFT56 regulates vertebrate
developmental patterning by maintaining IFTB complex integrity and ciliary microtubule
architecture. Development. (2017);144(8):1544-53. 10.1242/dev.143255. [PubMed: 28264835]
Halbritter J, Bizet AA, Schmidts M, Porath JD, Braun DA, Gee HY, et al. Defects in the IFT B
component IFT172 cause Jeune and Mainzer-Saldino syndromes in humans. American journal of
human genetics. (2013);93(5):915-25. 10.1016/j.ajhg.2013.09.012. [PubMed: 24140113]
Bujakowska KM, Zhang Q, Siemiatkowska AM, Liu Q, Place E, Falk MJ, et al. Mutations in
IFT172 cause isolated retinal degeneration and Bardet-Biedl syndrome. Hum Mol Genet. (2015);
24(1):230-42. 10.1093/hmg/ddu441. [PubMed: 25168386]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

[80].

[81].

[82].

[83].

[84].

[85].

[86].

[87].

[88].

[89].

[90].

[91].

[92].

[93].

[94].

[95].

Page 18

Schaefer E, Stoetzel C, Scheidecker S, Geoffroy V, Prasad MK, Redin C, et al. Identification of a
novel mutation confirms the implication of IFT172 (BBS20) in Bardet-Biedl syndrome. J Hum
Genet. (2016);61(5):447-50. 10.1038/jhg.2015.162. [PubMed: 26763875]

Cavalcanti DP, Huber C, Sang KH, Baujat G, Collins F, Delezoide AL, et al. Mutation in IFT80
in a fetus with the phenotype of Verma-Naumoff provides molecular evidence for Jeune-Verma-
Naumoff dysplasia spectrum. J Med Genet. (2011);48(2):88-92. 10.1136/jmg.2009.069468.
[PubMed: 19648123]

Schaefer E, Delvallee C, Mary L, Stoetzel C, Geoffroy V, Marks-Delesalle C, et al. Identification
and Characterization of Known Biallelic Mutations in the IFT27 (BBS19) Gene in a Novel
Family With Bardet-Biedl Syndrome. Front Genet. (2019);10:21 10.3389/fgene.2019.00021.
[PubMed: 30761183]

Quelin C, Loget P, Boutaud L, Elkhartoufi N, Milon J, Odent S, et al. Loss of function IFT27
variants associated with an unclassified lethal fetal ciliopathy with renal agenesis. Am J Med
Genet A. (2018);176(7):1610-3. 10.1002/ajmg.a.38685. [PubMed: 29704304]

Perkins LA, Hedgecock EM, Thomson JN, Culotti JG Mutant sensory cilia in the nematode
Caenorhabditis elegans. Dev Biol. (1986);117(2):456-87. 10.1016/0012-1606(86)90314-3.
[PubMed: 2428682]

lomini C, Li L, Esparza JM, Dutcher SK Retrograde intraflagellar transport mutants identify
complex A proteins with multiple genetic interactions in Chlamydomonas reinhardtii. Genetics.
(2009);183(3):885-96. 10.1534/genetics.109.101915. [PubMed: 19720863]

Ashe A, Butterfield NC, Town L, Courtney AD, Cooper AN, Ferguson C, et al. Mutations in
mouse 1ft144 model the craniofacial, limb and rib defects in skeletal ciliopathies. Hum Mol
Genet. (2012);21(8):1808-23. 10.1093/hmg/ddr613. [PubMed: 22228095]

Tran PV, Haycraft CJ, Besschetnova TY, Turbe-Doan A, Stottmann RW, Herron BJ, et al. THM1
negatively modulates mouse sonic hedgehog signal transduction and affects retrograde
intraflagellar transport in cilia. Nat Genet. (2008);40(4):403-10. 10.1038/ng.105. [PubMed:
18327258]

Cortellino S, Wang C, Wang B, Bassi MR, Caretti E, Champeval D, et al. Defective ciliogenesis,
embryonic lethality and severe impairment of the Sonic Hedgehog pathway caused by
inactivation of the mouse complex A intraflagellar transport gene 1ft122/Wdr10, partially
overlapping with the DNA repair gene Med1/Mbd4. Dev Biol. (2009);325(1):225-37. 10.1016/
j.ydbio.2008.10.020. [PubMed: 19000668]

Qin J, Lin'Y, Norman RX, Ko HW, Eggenschwiler JT Intraflagellar transport protein 122
antagonizes Sonic Hedgehog signaling and controls ciliary localization of pathway components.
Proc Natl Acad Sci USA. (2011);108(4):1456-61. 10.1073/pnas.1011410108. [PubMed:
21209331]

Mill P, Lockhart PJ, Fitzpatrick E, Mountford HS, Hall EA, Reijns MA, et al. Human and mouse
mutations in WDR35 cause short-rib polydactyly syndromes due to abnormal ciliogenesis.
American journal of human genetics. (2011);88(4):508-15. 10.1016/j.ajhg.2011.03.015.
[PubMed: 21473986]

Arts H, Knoers N Cranioectodermal Dysplasia In: Adam MP, Ardinger HH, Pagon RA, Wallace
SE, Bean LJH, Stephens K, et al., editors. GeneReviews((R)). Seattle (WA) 1993.

Lin AE, Traum AZ, Sahai I, Keppler-Noreuil K, Kukolich MK, Adam MP, et al. Sensenbrenner
syndrome (Cranioectodermal dysplasia): clinical and molecular analyses of 39 patients including
two new patients. Am J Med Genet A. (2013);161A(11):2762-76. 10.1002/ajmg.a.36265.
[PubMed: 24123776]

Silveira KC, Moreno CA, Cavalcanti DP Beemer-Langer syndrome is a ciliopathy due to biallelic
mutations in IFT122. Am J Med Genet A. (2017);173(5):1186-9. 10.1002/ajmg.a.38157.
[PubMed: 28370949]

Arts HH, Bongers EM, Mans DA, van Beersum SE, Oud MM, Bolat E, et al. C140RF179
encoding IFT43 is mutated in Sensenbrenner syndrome. J Med Genet. (2011);48(6):390-5.
10.1136/jmg.2011.088864. [PubMed: 21378380]

Walczak-Sztulpa J, Eggenschwiler J, Osborn D, Brown DA, Emma F, Klingenberg C, et al.
Cranioectodermal Dysplasia, Sensenbrenner syndrome, is a ciliopathy caused by mutations in the

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 19

IFT122 gene. American journal of human genetics. (2010);86(6):949-56. 10.1016/j.ajhg.
2010.04.012. [PubMed: 20493458]

[96]. Duran I, Taylor SP, Zhang W, Martin J, Qureshi F, Jacques SM, et al. Mutations in IFT-A satellite
core component genes IFT43 and IFT121 produce short rib polydactyly syndrome with
distinctive campomelia. Cilia. (2017);6:7 10.1186/s13630-017-0051-y. [PubMed: 28400947]

[97]. Bredrup C, Saunier S, Oud MM, Fiskerstrand T, Hoischen A, Brackman D, et al. Ciliopathies
with skeletal anomalies and renal insufficiency due to mutations in the IFT-A gene WDR19.
American journal of human genetics. (2011);89(5):634-43. 10.1016/j.ajhg.2011.10.001.
[PubMed: 22019273]

[98]. Davis EE, Zhang Q, Liu Q, Diplas BH, Davey LM, Hartley J, et al. TTC21B contributes both
causal and modifying alleles across the ciliopathy spectrum. Nat Genet. (2011);43(3):189-96.
10.1038/ng.756. [PubMed: 21258341]

[99]. Schmidts M, Arts HH, Bongers EM, Yap Z, Oud MM, Antony D, et al. Exome sequencing
identifies DYNC2H1 mutations as a common cause of asphyxiating thoracic dystrophy (Jeune
syndrome) without major polydactyly, renal or retinal involvement. J Med Genet. (2013);50(5):
309-23. 10.1136/jmedgenet-2012-101284. [PubMed: 23456818]

[100]. Schmidts M, Hou Y, Cortes CR, Mans DA, Huber C, Boldt K, et al. TCTEX1D2 mutations
underlie Jeune asphyxiating thoracic dystrophy with impaired retrograde intraflagellar transport.
Nat Commun. (2015);6:7074 10.1038/ncomms8074. [PubMed: 26044572]

[101]. Takeda S, Yonekawa Y, Tanaka Y, Okada Y, Nonaka S, Hirokawa N Left-right asymmetry and
kinesin superfamily protein KIF3A: new insights in determination of laterality and mesoderm
induction by kif3A—/- mice analysis. J Cell Biol. (1999);145(4):825-36. 10.1083/jch.145.4.825.
[PubMed: 10330409]

[102]. Nonaka S, Tanaka Y, Okada Y, Takeda S, Harada A, Kanai Y, et al. Randomization of left-right
asymmetry due to loss of nodal cilia generating leftward flow of extraembryonic fluid in mice
lacking KIF3B motor protein. Cell. (1998);95(6):829-37. 10.1016/s0092-8674(00)81705-5.
[PubMed: 9865700]

[103]. Signor D, Wedaman KP, Rose LS, Scholey JM Two heteromeric kinesin complexes in
chemosensory neurons and sensory cilia of Caenorhabditis elegans. Mol Biol Cell. (1999);10(2):
345-60. 10.1091/mbc.10.2.345. [PubMed: 9950681]

[104]. Yin X, Takei Y, Kido MA, Hirokawa N Molecular motor KIF17 is fundamental for memory and
learning via differential support of synaptic NR2A/2B levels. Neuron. (2011);70(2):310-25.
10.1016/j.neuron.2011.02.049. [PubMed: 21521616]

[105]. Marszalek JR, Goldstein LS Understanding the functions of kinesin-11. Biochim Biophys Acta.
(2000);1496(1):142-50. 10.1016/s0167-4889(00)00015-x. [PubMed: 10722883]

[106]. Hou Y, Pazour GJ, Witman GB A dynein light intermediate chain, D1bLIC, is required for
retrograde intraflagellar transport. Mol Biol Cell. (2004);15(10):4382-94. 10.1091/
mbc.E04-05-0377. [PubMed: 15269286]

[107]. Pazour GJ, Wilkerson CG, Witman GB A dynein light chain is essential for the retrograde
particle movement of intraflagellar transport (IFT). J Cell Biol. (1998);141(4):979-92. [PubMed:
9585416]

[108]. Rompolas P, Pedersen LB, Patel-King RS, King SM Chlamydomonas FAP133 is a dynein
intermediate chain associated with the retrograde intraflagellar transport motor. J Cell Sci.
(2007);120(Pt 20):3653-65. 10.1242/jcs.012773. [PubMed: 17895364]

[109]. May SR, Ashique AM, Karlen M, Wang B, Shen Y, Zarbalis K, et al. Loss of the retrograde
motor for IFT disrupts localization of Smo to cilia and prevents the expression of both activator
and repressor functions of Gli. Dev Biol. (2005);287(2):378-89. 10.1016/j.ydbio.2005.08.050.
[PubMed: 16229832]

[110]. Rana AA, Barbera JP, Rodriguez TA, Lynch D, Hirst E, Smith JC, et al. Targeted deletion of the
novel cytoplasmic dynein mD2LIC disrupts the embryonic organiser, formation of the body axes
and specification of ventral cell fates. Development. (2004);131(20):4999-5007. 10.1242/dev.
01389. [PubMed: 15371312]

[111]. Dagoneau N, Goulet M, Genevieve D, Sznajer Y, Martinovic J, Smithson S, et al. DYNC2H1
mutations cause asphyxiating thoracic dystrophy and short rib-polydactyly syndrome, type III.

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 20

American journal of human genetics. (2009);84(5):706-11. 10.1016/j.ajhg.2009.04.016.
[PubMed: 19442771]

[112]. Merrill AE, Merriman B, Farrington-Rock C, Camacho N, Sebald ET, Funari VA, et al. Ciliary
abnormalities due to defects in the retrograde transport protein DYNC2H1 in short-rib
polydactyly syndrome. American journal of human genetics. (2009);84(4):542-9. 10.1016/j.ajhg.
2009.03.015. [PubMed: 19361615]

[113]. Schmidts M, Vodopiutz J, Christou-Savina S, Cortes CR, Mclnerney-Leo AM, Emes RD, et al.
Mutations in the gene encoding IFT dynein complex component WDR34 cause Jeune
asphyxiating thoracic dystrophy. American journal of human genetics. (2013);93(5):932-44.
10.1016/j.ajhg.2013.10.003. [PubMed: 24183451]

[114]. Huber C, Wu S, Kim AS, Sigaudy S, Sarukhanov A, Serre V, et al. WDR34 mutations that cause
short-rib polydactyly syndrome type Ill/severe asphyxiating thoracic dysplasia reveal a role for
the NF-kappaB pathway in cilia. American journal of human genetics. (2013);93(5):926-31.
10.1016/j.ajhg.2013.10.007. [PubMed: 24183449]

[115]. Mclnerney-Leo AM, Schmidts M, Cortes CR, Leo PJ, Gener B, Courtney AD, et al. Short-rib
polydactyly and Jeune syndromes are caused by mutations in WDR60. American journal of
human genetics. (2013);93(3):515-23. 10.1016/j.ajhg.2013.06.022. [PubMed: 23910462]

[116]. Taylor SP, Dantas TJ, Duran I, Wu S, Lachman RS, University of Washington Center for
Mendelian Genomics C., et al. Mutations in DYNC2LI1 disrupt cilia function and cause short rib
polydactyly syndrome. Nat Commun. (2015);6:7092 10.1038/ncomms8092. [PubMed:
26077881]

[117]. Schmidts M Clinical genetics and pathobiology of ciliary chondrodysplasias. J Pediatr Genet.
(2014);3(2):46-94. 10.3233/PGE-14089. [PubMed: 25506500]

[118]. Badgandi HB, Hwang SH, Shimada IS, Loriot E, Mukhopadhyay S Tubby family proteins are
adapters for ciliary trafficking of integral membrane proteins. J Cell Biol. (2017);216(3):743-60.
10.1083/jch.201607095. [PubMed: 28154160]

[119]. Mukhopadhyay S, Wen X, Chih B, Nelson CD, Lane WS, Scales SJ, et al. TULP3 bridges the
IFT-A complex and membrane phosphoinositides to promote trafficking of G protein-coupled
receptors into primary cilia. Genes Dev. (2010);24(19):2180-93. 10.1101/gad.1966210.
[PubMed: 20889716]

[120]. Picariello T, Brown JM, Hou Y, Swank G, Cochran DA, King OD, et al. A global analysis of
IFT-A function reveals specialization for transport of membrane-associated proteins into cilia. J
Cell Sci. (2019);132(3). 10.1242/jcs.220749.

[121]. Watzlich D, Vetter I, Gotthardt K, Miertzschke M, Chen Y X, Wittinghofer A, et al. The
interplay between RPGR, PDEdelta and Arl2/3 regulate the ciliary targeting of farnesylated
cargo. EMBO Rep. (2013);14(5):465-72. 10.1038/embor.2013.37. [PubMed: 23559067]

[122]. Wright KJ, Baye LM, Olivier-Mason A, Mukhopadhyay S, Sang L, Kwong M, et al. An ARL3-
UNC119-RP2 GTPase cycle targets myristoylated NPHP3 to the primary cilium. Genes Dev.
(2011);25(22):2347-60. 10.1101/gad.173443.111. [PubMed: 22085962]

[123]. Ou G, Blacque OE, Snow JJ, Leroux MR, Scholey JM Functional coordination of intraflagellar
transport motors. Nature. (2005);436(7050):583-7. 10.1038/nature03818. [PubMed: 16049494]

[124]. Lechtreck KF, Johnson EC, Sakai T, Cochran D, Ballif BA, Rush J, et al. The Chlamydomonas
reinhardtii BBSome is an IFT cargo required for export of specific signaling proteins from
flagella. J Cell Biol. (2009);187(7):1117-32. 10.1083/jch.200909183. [PubMed: 20038682]

[125]. Blacque OE, Reardon MJ, Li C, McCarthy J, Mahjoub MR, Ansley SJ, et al. Loss of C. elegans
BBS-7 and BBS-8 protein function results in cilia defects and compromised intraflagellar
transport. Genes Dev. (2004);18(13):1630—42. 10.1101/gad.1194004. [PubMed: 15231740]

[126]. Kulaga HM, Leitch CC, Eichers ER, Badano JL, Lesemann A, Hoskins BE, et al. Loss of BBS
proteins causes anosmia in humans and defects in olfactory cilia structure and function in the
mouse. Nat Genet. (2004);36(9):994-8. 10.1038/ng1418. [PubMed: 15322545]

[127]. Nishimura DY, Fath M, Mullins RF, Searby C, Andrews M, Davis R, et al. Bbs2-null mice have
neurosensory deficits, a defect in social dominance, and retinopathy associated with
mislocalization of rhodopsin. Proc Natl Acad Sci USA. (2004);101(47):16588-93. 10.1073/pnas.
0405496101. [PubMed: 15539463]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 21

[128]. Mykytyn K, Mullins RF, Andrews M, Chiang AP, Swiderski RE, Yang B, et al. Bardet-Biedl
syndrome type 4 (BBS4)-null mice implicate Bbs4 in flagella formation but not global cilia
assembly. Proc Natl Acad Sci USA. (2004);101(23):8664-9. 10.1073/pnas.0402354101.
[PubMed: 15173597]

[129]. Zhang Q, Seo S, Bugge K, Stone EM, Sheffield VC BBS proteins interact genetically with the
IFT pathway to influence SHH-related phenotypes. Hum Mol Genet. (2012);21(9):1945-53.
10.1093/hmg/dds004. [PubMed: 22228099]

[130]. Zhang Q, Nishimura D, Vogel T, Shao J, Swiderski R, Yin T, et al. BBS7 is required for
BBSome formation and its absence in mice results in Bardet-Biedl syndrome phenotypes and
selective abnormalities in membrane protein trafficking. J Cell Sci. (2013);126(Pt 11):2372-80.
10.1242/jcs.111740. [PubMed: 23572516]

[131]. Tadenev AL, Kulaga HM, May-Simera HL, Kelley MW, Katsanis N, Reed RR Loss of Bardet-
Biedl syndrome protein-8 (BBS8) perturbs olfactory function, protein localization, and axon
targeting. Proc Natl Acad Sci USA. (2011);108(25):10320-5. 10.1073/pnas.1016531108.
[PubMed: 21646512]

[132]. Loktev AV, Jackson PK Neuropeptide Y family receptors traffic via the Bardet-Biedl syndrome
pathway to signal in neuronal primary cilia. Cell Rep. (2013);5(5):1316-29. 10.1016/j.celrep.
2013.11.011. [PubMed: 24316073]

[133]. Berbari NF, Lewis JS, Bishop GA, Askwith CC, Mykytyn K Bardet-Biedl syndrome proteins
are required for the localization of G protein-coupled receptors to primary cilia. Proc Natl Acad
Sci USA. (2008);105(11):4242—6. 10.1073/pnas.0711027105. [PubMed: 18334641]

[134]. Shah AS, Farmen SL, Moninger TO, Businga TR, Andrews MP, Bugge K, et al. Loss of Bardet-
Biedl syndrome proteins alters the morphology and function of motile cilia in airway epithelia.
Proc Natl Acad Sci USA. (2008);105(9):3380-5. 10.1073/pnas.0712327105. [PubMed:
18299575]

[135]. Forsythe E, Beales PL Bardet-Biedl Syndrome In: Adam MP, Ardinger HH, Pagon RA, Wallace
SE, Bean LJH, Stephens K, et al., editors. GeneReviews((R)). Seattle (WA) 1993.

[136]. Mary L, Chennen K, Stoetzel C, Antin M, Leuvrey A, Nourisson E, et al. Bardet-Bied|
syndrome: Antenatal presentation of forty-five fetuses with biallelic pathogenic variants in
known Bardet-Biedl syndrome genes. Clin Genet. (2019);95(3):384-97. 10.1111/cge.13500.
[PubMed: 30614526]

[137]. Forsythe E, Sparks K, Best S, Borrows S, Hoskins B, Sabir A, et al. Risk Factors for Severe
Renal Disease in Bardet-Biedl Syndrome. J Am Soc Nephrol. (2017);28(3):963-70. 10.1681/
ASN.2015091029. [PubMed: 27659767]

[138]. Mujahid S, Hunt KF, Cheah YS, Forsythe E, Hazlehurst JM, Sparks K, et al. The Endocrine and
Metabolic Characteristics of a Large Bardet-Biedl Syndrome Clinic Population. J Clin
Endocrinol Metab. (2018);103(5):1834—41. 10.1210/jc.2017-01459. [PubMed: 29409041]

[139]. Katsanis N, Ansley SJ, Badano JL, Eichers ER, Lewis RA, Hoskins BE, et al. Triallelic
inheritance in Bardet-Biedl syndrome, a Mendelian recessive disorder. Science. (2001);
293(5538):2256-9. 10.1126/science.1063525. [PubMed: 11567139]

[140]. Beales PL, Badano JL, Ross AJ, Ansley SJ, Hoskins BE, Kirsten B, et al. Genetic interaction of
BBS1 mutations with alleles at other BBS loci can result in non-Mendelian Bardet-Bied|
syndrome. American journal of human genetics. (2003);72(5):1187-99. 10.1086/375178.
[PubMed: 12677556]

[141]. Hichri H, Stoetzel C, Laurier V, Caron S, Sigaudy S, Sarda P, et al. Testing for triallelism:
analysis of six BBS genes in a Bardet-Biedl syndrome family cohort. Eur J Hum Genet. (2005);
13(5):607-16. 10.1038/sj.ejhg.5201372. [PubMed: 15770229]

[142]. Abu-Safieh L, Al-Anazi S, Al-Abdi L, Hashem M, Alkuraya H, Alamr M, et al. In search of
triallelism in Bardet-Biedl syndrome. Eur J Hum Genet. (2012);20(4):420-7. 10.1038/ejhg.
2011.205. [PubMed: 22353939]

[143]. Putoux A, Mougou-Zerelli S, Thomas S, Elkhartoufi N, Audollent S, Le Merrer M, et al. BBS10
mutations are common in ‘Meckel’-type cystic kidneys. J Med Genet. (2010);47(12):848-52.
10.1136/jmg.2010.079392. [PubMed: 20805367]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 22

[144]. Collin GB, Marshall JD, Ikeda A, So WV, Russell-Eggitt I, Maffei P, et al. Mutations in ALMS1
cause obesity, type 2 diabetes and neurosensory degeneration in Alstrom syndrome. Nat Genet.
(2002);31(1):74-8. 10.1038/ng867. [PubMed: 11941369]

[145]. Paisey RB, Steeds R, Barrett T, Williams D, Geberhiwot T, Gunay-Aygun M Alstrom Syndrome
In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, Bean LJH, Stephens K, et al., editors.
GeneReviews((R)). Seattle (WA) 1993.

[146]. Pasumarthi KB, Field LJ Cardiomyocyte cell cycle regulation. Circ Res. (2002);90(10):1044—
54.10.1161/01.res.0000020201.44772.67. [PubMed: 12039793]

[147]. Shenje LT, Andersen P, Halushka MK, Lui C, Fernandez L, Collin GB, et al. Mutations in
Alstrom protein impair terminal differentiation of cardiomyocytes. Nat Commun. (2014);5:3416
10.1038/ncomms4416. [PubMed: 24595103]

[148]. Alvarez-Satta M, Castro-Sanchez S, Valverde D Alstrom syndrome: current perspectives. Appl
Clin Genet. (2015);8:171-9. 10.2147/TACG.S56612. [PubMed: 26229500]

[149]. Knorz VJ, Spalluto C, Lessard M, Purvis TL, Adigun FF, Collin GB, et al. Centriolar
association of ALMS1 and likely centrosomal functions of the ALMS motif-containing proteins
C100rf90 and KIAA1731. Mol Biol Cell. (2010);21(21):3617-29. 10.1091/mbc.E10-03-0246.
[PubMed: 20844083]

[150]. Jagger D, Collin G, Kelly J, Towers E, Nevill G, Longo-Guess C, et al. Alstrom Syndrome
protein ALMS1 localizes to basal bodies of cochlear hair cells and regulates cilium-dependent
planar cell polarity. Hum Mol Genet. (2011);20(3):466-81. 10.1093/hmg/ddq493. [PubMed:
21071598]

[151]. Collin GB, Cyr E, Bronson R, Marshall JD, Gifford EJ, Hicks W, et al. Alms1-disrupted mice
recapitulate human Alstrom syndrome. Hum Mol Genet. (2005);14(16):2323-33. 10.1093/hmg/
ddi235. [PubMed: 16000322]

[152]. Barr MM, Sternberg PW A polycystic kidney-disease gene homologue required for male mating
behaviour in C. elegans. Nature. (1999);401(6751):386-9. 10.1038/43913. [PubMed: 10517638]

[153]. Pazour GJ, San Agustin JT, Follit JA, Rosenbaum JL, Witman GB Polycystin-2 localizes to
kidney cilia and the ciliary level is elevated in orpk mice with polycystic kidney disease. Curr
Biol. (2002);12(11):R378-80. [PubMed: 12062067]

[154]. Yoder BK, Hou X, Guay-Woodford LM The polycystic kidney disease proteins, polycystin-1,
polycystin-2, polaris, and cystin, are co-localized in renal cilia. J Am Soc Nephrol. (2002);
13(10):2508-16. 10.1097/01.asn.0000029587.47950.25. [PubMed: 12239239]

[155]. Huang K, Diener DR, Mitchell A, Pazour GJ, Witman GB, Rosenbaum JL Function and
dynamics of PKD2 in Chlamydomonas reinhardtii flagella. J Cell Biol. (2007);179(3):501-14.
10.1083/jch.200704069. [PubMed: 17984324]

[156]. Nauli SM, Alenghat FJ, Luo Y, Williams E, Vassilev P, Li X, et al. Polycystins 1 and 2 mediate
mechanosensation in the primary cilium of kidney cells. Nat Genet. (2003);33(2):129-37.
10.1038/ng1076. [PubMed: 12514735]

[157]. Delling M, Indzhykulian AA, Liu X, Li Y, Xie T, Corey DP, et al. Primary cilia are not calcium-
responsive mechanosensors. Nature. (2016);531(7596):656—60. 10.1038/nature17426. [PubMed:
27007841]

[158]. Norris DP, Jackson PK Cell biology: Calcium contradictions in cilia. Nature. (2016);531(7596):
582-3. 10.1038/nature17313. [PubMed: 27007852]

[159]. Revell DZ, Yoder BK Intravital visualization of the primary cilium, tubule flow, and innate
immune cells in the kidney utilizing an abdominal window imaging approach. Methods Cell Biol.
(2019);154:67-83. 10.1016/bs.mch.2019.04.012. [PubMed: 31493822]

[160]. Merkel CE, Karner CM, Carroll TJ Molecular regulation of kidney development: is the answer
blowing in the Wnt? Pediatr Nephrol. (2007);22(11):1825-38. 10.1007/s00467-007-0504-4.
[PubMed: 17554566]

[161]. Ward CJ, Hogan MC, Rossetti S, Walker D, Sneddon T, Wang X, et al. The gene mutated in
autosomal recessive polycystic kidney disease encodes a large, receptor-like protein. Nat Genet.
(2002);30(3):259-69. 10.1038/ng833. [PubMed: 11919560]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al.

Page 23

[162]. Follit JA, Li L, Vucica Y, Pazour GJ The cytoplasmic tail of fibrocystin contains a ciliary
targeting sequence. J Cell Biol. (2010);188(1):21-8. 10.1083/jcb.200910096. [PubMed:
20048263]

[163]. Ward CJ, Yuan D, Masyuk TV, Wang X, Punyashthiti R, Whelan S, et al. Cellular and
subcellular localization of the ARPKD protein; fibrocystin is expressed on primary cilia. Hum
Mol Genet. (2003);12(20):2703-10. 10.1093/hmg/ddg274. [PubMed: 12925574]

[164]. Masyuk TV, Huang BQ, Ward CJ, Masyuk Al, Yuan D, Splinter PL, et al. Defects in
cholangiocyte fibrocystin expression and ciliary structure in the PCK rat. Gastroenterology.
(2003);125(5):1303-10. 10.1016/j.gastro.2003.09.001. [PubMed: 14598246]

[165]. Zhang MZ, Mai W, Li C, Cho SY, Hao C, Moeckel G, et al. PKHD1 protein encoded by the
gene for autosomal recessive polycystic kidney disease associates with basal bodies and primary
cilia in renal epithelial cells. Proc Natl Acad Sci USA. (2004);101(8):2311-6. 10.1073/pnas.
0400073101. [PubMed: 14983006]

[166]. Hu Q, Wu Y, Tang J, Zheng W, Wang Q, Nahirney D, et al. Expression of polycystins and
fibrocystin on primary cilia of lung cells. Biochem Cell Biol. (2014);92(6):547-54. 10.1139/
bcb-2014-0062. [PubMed: 25367197]

[167]. Outeda P, Menezes L, Hartung EA, Bridges S, Zhou F, Zhu X, et al. A novel model of
autosomal recessive polycystic kidney questions the role of the fibrocystin C-terminus in disease
mechanism. Kidney Int. (2017);92(5):1130-44. 10.1016/j.kint.2017.04.027. [PubMed:
28729032]

[168]. Bakeberg JL, Tammachote R, Woollard JR, Hogan MC, Tuan HF, Li M, et al. Epitope-tagged
Pkhd1 tracks the processing, secretion, and localization of fibrocystin. J Am Soc Nephrol.
(2011);22(12):2266-77. 10.1681/ASN.2010111173. [PubMed: 22021705]

[169]. Bergmann C, Senderek J, Kupper F, Schneider F, Dornia C, Windelen E, et al. PKHD1
mutations in autosomal recessive polycystic kidney disease (ARPKD). Hum Mutat. (2004);23(5):
453-63. 10.1002/humu.20029. [PubMed: 15108277]

[170]. Ma M, Tian X, lgarashi P, Pazour GJ, Somlo S Loss of cilia suppresses cyst growth in genetic
models of autosomal dominant polycystic kidney disease. Nat Genet. (2013);45(9):1004-12.
10.1038/ng.2715. [PubMed: 23892607]

[171]. Schmidts M, Frank V, Eisenberger T, Al Turki S, Bizet AA, Antony D, et al. Combined NGS
approaches identify mutations in the intraflagellar transport gene IFT140 in skeletal ciliopathies
with early progressive kidney Disease. Hum Mutat. (2013);34(5):714-24. 10.1002/humu.22294.
[PubMed: 23418020]

[172]. Forsythe E, Beales PL Bardet-Biedl syndrome. Eur J Hum Genet. (2013);21(1):8-13. 10.1038/
ejhg.2012.115. [PubMed: 22713813]

[173]. Wheway G, Schmidts M, Mans DA, Szymanska K, Nguyen TT, Racher H, et al. An siRNA-
based functional genomics screen for the identification of regulators of ciliogenesis and
ciliopathy genes. Nat Cell Biol. (2015);17(8):1074-87. 10.1038/ncbh3201. [PubMed: 26167768]

Cell Signal. Author manuscript; available in PMC 2020 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pazour et al. Page 24

Control

Figure 1. Cystic Disease Caused by Loss of Polycystin-2 or 1ft20.
During the development of cystic kidney disease, the normal tubular architecture seen in

control animals is lost and large fluid filled cysts (C) form. The loss of polycystin-2 does not
affect cilia formation (acetylated alpha tubulin, red; gamma tubulin, white) and the cilia
remain in the cysts whereas the loss of Ift20 prevents cilia formation. Green (Dolichos
Biflorus Agglutinin) marks collecting ducts. Scale bar is 20 microns.
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Figure 2. Structure of the cilium, centriole and centrosome.
The cilium is composed of 1000 or more proteins organized around a microtubule-based

cytoskeleton called the axoneme and in the ciliary membrane, an extension of the plasma
membrane that surrounds the axoneme. The microtubules are templated from the mother
centriole or basal body, which is embedded within the centrosome. In addition to the
centrioles, the centrosome also contains microtubule binding and nucleating proteins and a
variety of signal transduction components. The human axoneme has a stereotypical
arrangement of microtubules. These are referred to as 9+2 or 9+0 depending on whether the
central pair is present or not. The central pair is critical for generating complex waveforms
and is present in most motile cilia but is absent in non-maotile cilia. This structure is either
missing or significantly underdeveloped in the motile cilia of the embryonic node, which
have a relatively simple waveform. Force generation is provided by the inner and outer
dynein arms in response to signals generated by the central pair and transmitted through the
radial spokes. These structures are missing from non-motile cilia but outer dynein arms are
found in nodal cilia. The cilium is anchored to the plasma membrane through appendages
from the centriole called the transition fibers and through an extensive network of
cytoskeletal to membrane linking proteins at the base of the cilium. The latter structure is
called the transition zone and appears to be an important part of the diffusional barrier that
separates the ciliary membrane compartment from the bulk plasma membrane. Ciliary
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assembly is driven by the intraflagellar transport (IFT) system that involves the movement of
large protein complexes along the ciliary axoneme. The large protein complexes or IFT
particles, are built from the IFA-A. IFT-B, and BBSome subcomplexes. The outward
movement (anterograde direction) is powered by kinesin-2 while the inward movement
(retrograde direction) is powered by cytoplasmic dynein 2. The IFT particles are motor
adaptors that are needed to couple the molecular motors to cargos made in the cell body and
transported into the cilium. Figure prepared with Biorender.
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Figure 3. Clinical features of human ciliopathy syndromes with renal involvement.
(A) MRI image of enlarged polycystic kidneys in autosomal dominant polycystic kidney

disease. (B) Ultrasound image showing a “salt and pepper” pattern and cysts in an enlarged
autosomal recessive polycystic kidney disease kidney. (C) Small hyperechogenic kidney in
nephronophthisis with a single cysts (arrow) visualized by ultrasound. (D) Substantially
narrowed thorax in an infant with Jeune asphyxiating thoracic dystrophy. (E) Polydactyly of
the feet observed in Jeune asphyxiating thoracic dystrophy. (F) Mildly narrowed thorax in a
boy with Jeune asphyxiating thoracic dystrophy / Mainzer-Saldino Syndrome resulting from
biallelic IFT140 dysfunction. (G) Mildly narrowed thorax, facial dysmorphism with low set
ears, small mouth, downwards slanting palpebral fissures, sparse hair, dolichocephalous due
to craniosynostosis and (H) teeth abnormalities in Sensenbrenner syndrome or
Cranioectodermal dysplasia. (1) Facial features and obesity in Bardet-Biedl-Syndrome. (J)
Retinal degeneration occurs in Jeune asphyxiating thoracic dystrophy / Mainzer-Saldino
Syndrome, Cranioectodermal dysplasia and Bardet-Biedl-Syndrome. (K) Histological
pattern of a renal biopsy in Jeune asphyxiating thoracic dystrophy with renal disease /
Mainzer-Saldino Syndrome due to biallelic IFT172 dysfunction (hematoxylin and eosin
staining) showing ectatic tubules but no larger cysts. Image A was a courtesy of Dr. Gerd
Walz, University Hospital Freiburg. Image B was a courtesy of Dr. Martin Pohl, University
Hospital Freiburg Images C-K have been reprinted with permission [171], [78], [100], [171],
[95], [172], [173], [78] respectively.
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