Caenorhabditis elegans as a Model to Study Renal
Development and Disease: Sexy Cilia
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The nematode Caenorhabditis elegans has no kidney per se, yet “the worm” has proved to be an excellent model to study
renal-related issues, including tubulogenesis of the excretory canal, membrane transport and ion channel function, and human
genetic diseases including autosomal dominant polycystic kidney disease (ADPKD). The goal of this review is to explain how
C. elegans has provided insight into cilia development, cilia function, and human cystic kidney diseases.
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A

t first glance, worms and kidneys have as little to do
with each other as do Caenorhabditis elegans geneticists
and practicing medical nephrologists. Sydney Brenner’s choice of C. elegans as a model organism has provided a
means for studying the genetics, molecular biology, and biochemistry of many human diseases. The Nobel laureate Brenner selected C. elegans because of its small size (approximately
1 mm), rapid free-living life cycle (2 to 3 d from egg to adult),
hermaphroditism, large brood size (self-fertilizing hermaphrodites produce approximately 300 offspring and approximately
1000 progeny when mated with males), genetic amenability,
transparency, and simple cellular complexity (⬍1000 somatic
cells).
The constantly expanding C. elegans molecular toolkit includes transgenesis, a completely sequenced genome, green
fluorescence protein (GFP) to look at gene expression and protein localization in vivo, primary cell culture, and RNA interference (RNAi) to knockdown gene function. The C. elegans
genome project served as a prototype for other sequencing
projects (1). Likewise, C. elegans systematic genome-wide approaches culminating in effective, public data archiving at
WormBase for C. elegans genome and biology (http://www.
wormbase.org) provide an example for high-throughput functional genomics in more complex biologic systems. Forward or
classical genetics is aimed at understanding a biologic process
and moves from mutant phenotype to gene/protein identification. Reverse genetics starts with the knowledge of gene/protein sequence and moves to function/phenotype. C. elegans is
amenable to both approaches, making the worm an attractive
model system in which to study your favorite gene (2).

The Ciliary Model of Cystic Kidney Diseases
Renal cysts are observed in a number of human genetic
disorders, suggesting that disrupting any one of a number of
different cellular processes may result in cyst formation. An
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alternative hypothesis is that for those disorders that share a
subset of renal and extrarenal manifestations, cysts may arise
from disruption of a conserved cellular function. Autosomal
dominant polycystic kidney disease (ADPKD), autosomal recessive PKD (ARPKD), nephronophthisis (NPHP), and BardetBiedl syndrome (BBS) share two common features: Cystic kidneys and ciliary localized gene products (Table 1) (3,4). “Ciliary
cystoproteins” (3) include polycystin-1 (PC-1) and PC-2, which
are defective in ADPKD (5–7); fibrocystin or polyductin, which
is defective in ARPKD (8 –10); nephrocystin-1 and nephrocystin-2/inversin, which are defective in nephronophthisis (11,12);
and BBS3 and BBS5 through BBS8, which are defective in BBS
(13–16).
Cystic kidney diseases, primary cilia dyskinesia, retinitis pigmentosa, and situs inversus (reversal of left-right organ asymmetry) are human diseases that result from ciliary defects (17).
Establishing and maintaining ciliary function is clearly essential
for the well-being of an organism. Cilia are specialized organelles that function in motility (9 ⫹ 2 motile cilia or 9 ⫹ 0
nodal cilia) or sensation (9 ⫹ 0 primary or sensory cilia). Primary kidney cilia project from the apical surfaces of epithelial
cells of the kidney nephron and act as flow mechanosensors
(18 –20). Nodal cilia are located on the embryonic node, exhibit
a unique rotation, and are necessary to establish left-right (L-R)
asymmetry in vertebrates (21). The greatest challenges to both
molecular biologists and nephrologists are determining the
mechanisms underlying renal cystic diseases, understanding
their interconnections, and designing therapies to prevent, delay, or halt cyst progression.

All Cilia Are Created Equal: Lessons from
Algae and Worms
Intraflagellar transport (IFT) is an evolutionarily conserved,
microtubule-based motility that is responsible for the assembly
and maintenance of all cilia and flagella (22). IFT was first
observed by Rosenbaum and colleagues (23) as microscopic
particles moving up and down the length of the flagella of the
green alga Chlamydomonas. The cellular machinery driving IFT
was determined using primarily cellular and biochemical approaches (see references within 22). The IFT machinery comISSN: 1046-6673/1602-0305

C. elegans homolog

C. elegans expression pattern

RNAi: WT (65) ⌬ (non-null): cilia development normal
(unpublished)
N.D.
RNAi: WT (65,66); genome instability (67)
RNAi: WT (65); Embryonic lethal (68)
N.D.
⌬ (non-null): cilia development normal (unpublished)

Mammalian kidney disease genes and C. elegans homologs. Column 1 indicates the mammalian disease gene. All are human disease genes with the exception of
Tg737, KIF3A, and cystin, which are mouse ARPKD genes. No renal function or phenotype has been described for KIF17, the mammalian homologue of OSM-3.
Column 2 indicates C. elegans homolog with gene name and/or cosmid number. There are no PKHD1, cystin, BBS4, or BBS6 homologs identified in the C. elegans
genome. NPHP2 homology is limited to the amino terminal ankyrin repeats. NPHP3 homology is restricted to the C-termainal TPR domains. klc-1 and klc-2 encode
predicted kinesin light chain (KLC) proteins. Column 3 indicates GFP expression patterns. Column 4 indicates gene function as determined by genetic mutation (⌬) or
RNA interference (RNAi). WT, wild type; N.D., not determined or no data published.

NPHP4

ZC15.7
T28D6.4
klc-1 (M7.2)
klc-2 (C18C4.10)
R13H4.1

Ciliated sensory neurons (subset)
(unpublished)
N.D.
N.D.
N.D.
N.D.
Ciliated sensory neurons (subset)
(unpublished)

sensory neurons (all) (17)
sensory neurons (all) (17)

sensory neurons (all) (19)

Journal of the American Society of Nephrology

NPHP3

NPHP2 (inversin)

Nephronophthisis (NPH)
NPHP1
M28.7

N.D.
RNAi: WT (65)
RNAi: WT (65,66)
–
RNAi: WT (65,66)
–
⌬: chemotaxis defects and abnormal cilium structure (16)
⌬: chemotaxis defects and abnormal cilium structure (16)

sensory neurons (all) (17)
sensory neurons (all) (17)
sensory neurons (62)

Bardet-Biedl Syndrome (BBS)
BBS1
Y105E8A.5
BBS2
F20D12.3
BBS3
arl-6 (C38D4.8)
BBS4
None
BBS5
R01H10.6
BBS6
None
BBS7
osm-12 (Y75B8A.12)
BBS8
T25F10.5
Ciliated
Ciliated
Ciliated
–
Ciliated
–
Ciliated
Ciliated

–
–

⌬: Abnormal cilia development (32)
⌬ (non-null): cilia development normal (25)
N.D.
⌬: cilia development normal, IFT rates abnormal (25)
⌬: Abnormal cilia development (subset) (32)

⌬: Male sensory defects, cilia development normal (52,54)
⌬: Male sensory defects, cilia development normal (52,54)

Mutant phenotype (Genetic mutation, ⌬, and/or RNAi)

Autosomal recessive polycystic kidney disease (ARPKD)
Tg737orpk
osm-5 (Y41G9A.3)
Ciliated sensory neurons (all) (39)
heterotrimeric
klp-11 (F20C5.2)
Ciliated sensory neurons (31)
kinesin-II;
klp-20 (Y50D7A.6)
N.D.
KIF3A
kap-1 (F08F8.3)
Ciliated sensory neurons (31)
Homodimeric
osm-3 (M02B7.3)
Ciliated sensory neurons (subset) (31)
kinesin-II KIF17
PKHD1
None
–
cpk/Cystin
None
–

Autosomal dominant polycystic kidney disease (ADPKD)
PKD1
lov-1 (ZK945.9)
Ciliated sensory neurons (male) (58, 60)
PKD2
pkd-2 (Y73F8A.1)
Ciliated sensory neurons (male) (58, 60)

Gene

Table 1. Mammalian kidney disease genes and C. elegans homologs
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prises heterotrimeric kinesin-II (consisting of two motor subunits and one nonmotor accessory subunit) and retrograde
cytoplasmic dynein motors that move IFT particles and cargo to
and from the distal tip of cilia. The IFT particle is composed of
two complexes (A or B) that contain 16 to 18 polypeptides.
Kinesin-II and complex B polypeptides seem to regulate anterograde transport; dynein and complex A polypeptides may regulate retrograde transport.
Scholey and colleagues (24 –29) have performed exquisite
experiments to examine the IFT machinery in C. elegans using
time-lapse microscopy of GFP-tagged IFT motors and polypeptides in conjunction with ciliary mutants. C. elegans chemosensory cilia contain two anterograde IFT motors: The canonical
heterotrimeric kinesin-II and homodimeric OSM-3 kinesin-II.
Surprising, these anterograde motors act cooperatively and
redundantly, with kinesin-II and OSM-3 building the cilium
from the transition zone/basal body to the middle region of the
cilium (25). At the mid-zone, kinesin-II turns back and OSM-3
continues, acting alone to build the distal end of the cilium.
Several interesting questions are raised by this study. What
regulates the transition from cooperation to autonomy? Is this
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mechanism specific for worm cilia, or is this an evolutionarily
conserved phenomenon?
In C. elegans, IFT builds and maintains cilia on dendritic
endings of sensory neurons. Ciliated sensory neurons located
in the head and tail (Figure 1) sense an extensive variety of
environmental signals and mediate a wide spectrum of behaviors. For example, animals must locate food and males must
find hermaphrodite mates. Of the 302 neurons in the hermaphrodite, 60 have dendritic endings that terminate in cilia (30).
The male possesses an additional 52 ciliated neurons (Figure 1)
(31). In C. elegans, cilia are sensory and nonmotile, possessing a
9 ⫹ 0 doublet microtubule array. Twenty-six of 60 ciliated
neurons shared between the sexes have endings that are exposed to the environment and located in the head amphid,
inner labial sensilla, and tail phasmid sensilla. It is interesting
that many of the genes required for the formation, maintenance, and function of C. elegans cilia have human counterparts,
which, when mutated, cause diseases with renal pathologies,
including ADPKD, ARPKD, BBS, and NPHP (Table 1).
For identifying genes that are required for cilia development
in C. elegans, classical genetic screens were performed on the

Figure 1. The ciliated nervous system of Caenorhabditis elegans. (A) Positions of nuclei of all ciliated neurons in the C. elegans
hermaphrodite (30), reprinted with permission from reference 53. All but two of the 60 neurons are members of bilateral pairs and
are represented by a single cell with L (for left side of animal) and R (for right side of animal). The asymmetric ciliated neurons
are AQR and PQR. In the head, the four male-specific ciliated CEM neurons are indicated in red. In the hermaphrodite, the CEM
undergo programmed cell death (64). The inset shows PKD-2::green fluorescence protein (GFP) localization in the CEM cilia
(arrowheads) and cell bodies (arrow) in an adult C. elegans male. Scale bar ⫽ 10 m. (B) Positions of nuclei of all ciliated neurons
in the C. elegans adult male tail, adapted from reference 31. The male possesses an additional 52 ciliated neurons for a total of 112.
All but two of the 52 male-specific ciliated neurons are arranged as left-right bilateral pairs. The asymmetric ciliated neurons are
HOA and HOB, which mediate Lov behavior (51). The male tail has nine bilaterally arranged rays (numbered 1 to 9, anterior to
posterior) required for response and turning behaviors (51). The inset shows PKD-2::GFP localization in the C. elegans adult male
tail; indicated are the cell body of HOB (arrow) and cilia of HOB and ray 3 (arrowheads). Scale bar ⫽ 10 m.
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basis of the ability of chemosensory amphid and phasmid
neurons to fill with fluorescence dyes in living animals. Mutations in 27 genes prevent dye uptake (the “Dyf,” or dye filling
defective phenotype) (32,33). Mutations in 10 of these genes
affect the structure of all neuronal cilia (32). These cilium structure genes encode IFT homologs. For example, osm-5 (for osmotic avoidance defective) is homologous to the Chlamydomonas Complex B IFT88 polypeptide and mouse ARPKD Tg737
gene (Polaris protein product) (34 –36). Mutations in ift88,
Tg737, and osm-5 result in defective ciliogenesis in Chlamydomonas, mouse, and worm, respectively (40,41). The osm-3 homomeric kinesin-II is required only for amphid and phasmid
cilia development (32) and is expressed in only chemosensory
neurons (27,37), indicating that ciliogenesis may require at least
two levels of regulation: General and specific. First, IFT builds
and is common to all cilia. Once the ciliary foundation is laid,
cell type–specific machineries perhaps refine the cilium for
certain functions (in the case of osm-3, chemosensation). In
mammals, the KIF3A subunit of heterotrimeric kinesin-II is
essential for viability, with conventional knockout mice dying
as early embryos and failing to synthesize cilia in the embryonic node (38,39). Kidney-specific inactivation of the KIF3A
subunit of heterotrimeric kinesin-II results in PKD in mice (42).
In contrast, the human homologue of OSM-3 is KIF17, a neuron-specific molecular motor that acts in neuronal dendrites
(43). KIF17 involvement in ciliogenesis or kidney development
has not been examined. The cloning and characterization of the
remaining C. elegans dyf genes will be informative as will genetic screens designed to identify specialization genes.
The RFX transcription factor DAF-19 is required for the formation of all C. elegans cilia and regulates the activity of target
genes by binding to an X-box promoter motif (15,36,45). The C.
elegans genome has ⬎200 candidate X-box genes. The fruit fly
Drosophila melanogaster uses a DAF-19 transcription factor to
regulate sensory cilia formation via the X-box motif (46,47).
Moreover, the mammalian transcription factor RFX3 is required
for the development of nodal cilia and L-R asymmetry (but is
not expressed in the kidney) (48). Combined, these data indicate that both IFT machinery and the ciliary transcriptional
apparatus may be conserved from worm to human.
Comparative genomics was recently used by two groups to
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predict the ciliary proteome (15,47). In brief, the genomes of
nonciliated organisms were subtracted from ciliates to identify
between 200 and 700 cilia-specific genes in the “Flagellar and
Basal Body” genome (reviewed in 49 and 50). This approach
identified the known players, including IFT components, polyductin/fibrocystin, BBS proteins, nephrocystins, ion channels,
and intracellular transport proteins. Model organisms will be
essential in determining the function of the ciliary proteome.

C. elegans Male Mating: A Model for ADPKD
Male mating behavior of C. elegans offers an intriguing model
to study the genetics of sensory behavior, cilia function, and
ADPKD. The C. elegans polycystins LOV-1 and PKD-2 are required for male sensory behaviors. The C. elegans male executes
a complex series of stereotyped sub-behaviors to mate with the
hermaphrodite. Mating behavior is shown in Supplemental
Movie 1. The male nervous system possesses 381 neurons to the
hermaphrodite’s 302. Sexual dimorphism is reflected in behavior: Many of the 87 male-specific neurons mediate male sensory
behaviors (51). Males with severe defects in all sensory neuron
cilia, such as the mutant osm-5, exhibit pleiotropic male mating
defects in response, vulva location, and ejaculation (35,52). The
only ciliated cells in C. elegans are chemosensory and mechanosensory neurons (30). The male has 48 predicted ciliated
sensory neurons in his tail and four in his head (31). osm-5::gfp
is expressed exclusively in ciliated neurons, including malespecific expression in four CEM head neurons and neurons of
the hook and rays (Figure 1) (35).
lov-1 and pkd-2 mutants are specifically response- and Lovdefective (Table 1, Supplemental Movie 2). lov-1 encodes the C.
elegans homolog of the human polycystic kidney disease gene
PKD1 (52). Mutations in PKD1 or PKD2 account for 95% of
ADPKD, a human genetic disorder that affects 1 in 1000 individuals. PKD-2 is the C. elegans homologue of the human PC-2
channel (encoded by the PKD2 gene) (54). PC-1 (encoded by
PKD1) and PC-2 are proposed to form a receptor/channel
complex (55). PC-2 is a member of the transient receptor potential (TRP) ion channel family that has been implicated in a
variety of sensory modalities. lov-1 and pkd-2 act in the same
genetic pathway (54).
Consistent with a role in male sensation, lov-1 and pkd-2 are

Table 2. Supplemental movie available online at http://www.jasn.org
Supplemental Movie 1. Mating behavior of wild-type C. elegans male (courtesy of Luis Rene Garcia, Texas
A&M University). The male responds to hermaphrodite contact by putting his tail flush on her body; he
begins backing until he encounters her head or tail, where he turns via a sharp ventral coil. He continues
backing until he reaches the vulva, where he stops, inserts his spicules, and ejaculates into the
hermaphrodite uterus. Completion of all sub-behaviors is not mandatory for successful copulation. For
example, if the initial contact is on the ventral side of the hermaphrodite, then the male may immediately
locate the vulva, insert his spicules, and ejaculate without evoking turning behavior.
Supplemental Movie 2. Mating behavior of pkd-2 mutant male. When the male tail contacts the
hermaphrodite body, pkd-2 mutants fail to respond and continue moving forward. Occasionally, pkd-2
mutants will respond. pkd-2 mutants back and turn normally. However, the pkd-2 mutant fails to sense
and stop at the hermaphrodite’s vulva and is categorized as location-of-vulva (Lov)–defective.
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expressed in the 21 male-specific exposed ciliated sensory neurons that mediate response (rays), vulva location (hook), and
possibly chemotaxis to hermaphrodites (the head CEM; Figure
1). Using a combination of translational GFP fusions and antibodies, we showed that LOV-1 and PKD-2 proteins are enriched in sensory cilia (Figure 1) and that ciliary localization is
a requisite for polycystin function (52,54). Stunningly, sensory
function and ciliary localization of the C. elegans polycystins
seem to be evolutionarily conserved. PC-2 localizes to renal
cilia (5,6) and forms a mechanosensitive channel with PC-1 in
primary cilium of cultured kidney cells (7). The powerful molecular genetic tools of C. elegans will enable simultaneous
dissection of the molecular basis of male sensory behaviors,
ciliary protein localization, and PKD.
LOV-1 and all PC-1 family members share a similar architecture: A large extracellular domain (although there is no primary
sequence homology between the extracellular regions of LOV-1
and PC-1), a G protein– coupled receptor proteolysis site (GPS),
11 transmembrane (TM) domains, and an intracellular polycystin-lipoxygenase alpha toxin (PLAT) domain located between
TM1 and TM2 (55). The function of the evolutionarily conserved PLAT domain found in all PC-1 family members remains an enigma. On the basis of PLAT sequence homology, a
nonredundant genetic PKD pathway, and PC ciliary subcellular
localization in both C. elegans and mammals, we hypothesize
that the PLAT domain may perform an evolutionarily conserved role in mediating PC-1 intracellular signaling pathways.
Overexpression of the LOV-1 PLAT domain in transgenic C.
elegans dominantly interferes with response and vulva location,
suggesting that the PLAT domain dominantly interferes with
the function of LOV-1 effectors (56).
For identifying targets of the PLAT domain, 1 ⫻ 106 cDNA
were screened for yeast two-hybrid interaction with the LOV-1
PLAT domain. ATP-2, the ␤ subunit of the ATP synthase,
physically associates with the LOV-1 PLAT domain (56). Moreover, C. elegans ATP-2 and the human PC-1 PLAT domain
physically interact, indicating that this interaction may be evolutionarily conserved. In addition to the expected mitochondria
localization, ATP-2 and other ATP synthase components colocalize with LOV-1 and PKD-2 in cilia. Whereas lov-1 and pkd-2
mutants are response- and Lov-defective, RNAi treatment of
ATP synthase components or overexpression of atp-2 causes
only response but not Lov mating behavior defects. LOV-1 may
have tissue-specific effectors. In other words, ATP-2 may be
required for polycystin-mediated signaling in ray neurons
(with defects resulting in abnormal male response behaviors)
but not the HOB hook neuron (as evidenced by wild-type vulva
location behavior). Given the diverse clinical manifestation
of ADPKD and broad distribution of the polycystins, it is
likely that the polycystins will have tissue-specific regulators
and targets. We propose that the ciliary localized ATP synthase may play a previously unsuspected role in polycystin
signaling. Whether the ATP synthase and PC-1 co-localize in
the primary cilium of renal epithelial cells is unknown. Our
studies using C. elegans as a model for ADPKD promise new
avenues to understanding polycystin PLAT function and
ciliary sensory signaling.
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BBS is a multigenic, pleiotropic disorder characterized by
kidney cysts/abnormalities, retinal degeneration, polydactyly,
situs inversus, obesity, mental retardation, and hypogenitalism
(OMIM #209900 at http://www.ncbi.nlm.nih.gov/entrez/
dispomim.cgi?id ⫽ 209900). Several of these phenotypes bear
resemblance to other human ciliary diseases. Six C. elegans
homologs of the human BBS genes (bbs-1, bbs-2, bbs-3, bbs-5,
bbs-7, and bbs-8) are expressed in ciliated sensory neurons and
contain DAF-19 –regulated X-boxes in their promoter regions
(Table 1) (6,13,15,57). bbs-7 and bbs-8 mutants have abnormal
cilia, compromised IFT rates, and defects in chemosensation
(16). It is interesting that bbs and osm-3 mutants are similar in
that only the distal end of the cilium is lacking (16,32), whereas
complex B mutants lack both proximal and distal ciliary regions. Combined, these data suggest that the BBS proteins
interact with the IFT machinery, but the physiologic relevance
has yet to be determined.
NPHP is an autosomal recessive cystic kidney disease and
most frequent genetic cause for end-stage renal failure in infants, children, and young adults (58). NPHP can also be associated with the extrarenal manifestations indicative of ciliary
dysfunction, including retinitis pigmentosa and situs inversus.
Mutation in one of four NPHP genes (NPHP1 through 4) results
in NPHP. The NPHP1 protein product interacts with NPHP2,
NPHP3, and NPHP4. NPHP1 and NPHP2 (also known as
inversin) localize to cilia (12,59). The molecular functions underlying NPHP biochemical interactions and ciliary localization
are not well understood at this time. C. elegans has obvious
NPHP1 and NPHP4 homologs (60,61), whereas NPHP2 and
NPHP3 counterparts are less well conserved (Table 1; Jauregui
AR, Barr M, unpublished observations). nphp-1 and nphp-4 are
expressed in a subset of C. elegans sensory neurons, and their
protein products localize to cilia (Jauregui AR, Barr M, unpublished observations). nphp-1 and nphp-4 single and double hypomorphic mutants have wild-type cilia, as judged by dye
filling. However, the nphp-1; nphp-4 double mutants have male
mating defects, suggesting genetic redundancy (Jauregui AR,
Barr M, unpublished observations).

Worms Don’t Have It All: No Cystin (Cys),
No Fibrocystin (PKHD1)
The C. elegans genome does not contain a cystin or fibrocystin
homolog. Cystin, a novel cilia-associated protein, is disrupted
in the congenital polycystic kidney (cpk) mouse model of
ARPKD (6,62). Human ARPKD is caused by mutation in the
PKHD1 gene, which encodes fibrocystin, a novel receptor-like
protein expressed on primary cilia (8,9,63). Originally thought
to be chordate-specific genes playing specialized roles in higher
vertebrates, a fibrocystin homolog is located in the unicellular
Chlamydomonas genome (Hongmin Qin and Joel Rosenbaum,
personal communication). Unlike Chlamydomonas, C. elegans
lacks motile cilia and has a more simple basal body structure.
The Flagellar and Basal Body genome contains 326 proteins that
are found in humans and Chlamydomonas but not C. elegans,
suggesting that this protein set (including fibrocystin) may be
required for motile cilia and complex basal body formation (15).
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Conclusion
The genomes of human, rat, and mouse all are known, which
allows the cloning of human disease genes by means of comparative genomic analysis (e.g., the identification of PKHD1 as
the gene mutated in ARPKD [8]). A great challenge is ascertaining gene function. C. elegans is clearly a powerful model
system to study development and diseases of cilia. Systematic
RNAi and classic genetic screens have the potential to identify,
in an unbiased manner, new genes that are required for cilia
development, maintenance, function, and signaling. The worm
is your oyster.
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