New insights into ciliary function: Kidney cysts

and photoreceptors

James P. Calvet*

Department of Biochemistry and Molecular Biology and the Kidney Institute, University of Kansas Medical Center, Kansas City,

KS 66160-7421

ecent studies have suggested

that primary cilia of renal tubu-

lar epithelial cells may function

to maintain normal tubular ar-
chitecture, and that ciliary abnormalities
may be a cause of cyst formation in
polycystic kidney disease (PKD). PKD
results from loss-of-function mutations
in either the PKDI or PKD?2 gene (1).
Cysts develop in PKD patients at a very
young age and grow inexorably over
time to very large size, eventually over-
whelming the kidney. Each cyst is
thought to be initiated by the abnormal
proliferation of a single tubular epithe-
lial cell, which eventually expands that
region of the tubule until it pinches off
as an isolated cyst. At that point, contin-
ued cyst growth is thought to depend on
net fluid secretion into the cyst lumen.
One of the central problems in the PKD
field has been to understand the cellular
mechanisms that trigger cyst formation.
The paper by Lin et al. (2) in a recent
issue of PNAS provides new insight into
this problem by showing that kidney-
specific Cre-loxP inactivation of the
gene for the KIF3A subunit of kinesin-
II, an anterograde (outward moving)
ciliary motor protein, causes PKD, thus
directly implicating cilia in the cyst-
forming mechanism.

These studies by Lin et al. (2) follow
previous work in which Cre-loxP condi-
tional mutagenesis was used to inacti-
vate the KIF3A subunit in photorecep-
tor cells (3). The vertebrate
photoreceptor cell has a modified ci-
lium, composed of a connecting axon-
emal segment that bridges the cell body
to the outer segment of the photorecep-
tor cilium. Photoreceptor components
must pass along the connecting cilium to
supply the photoreceptor disks in the
outer segment. Targeted somatic dele-
tion of the KIF3A subunit was found to
prevent anterograde protein movement
from the inner to the outer segment,
leading to an accumulation of material
in the cell body and eventually to apopto-
tic cell death, similar to what is seen in
human retinal degeneration diseases.
For these experiments, and for those of
Lin et al., tissue-specific Cre-loxP mu-
tagenesis was required, because systemic
deletion of KIF3A is embryo lethal.

The paper by Lin et al. is the latest in
a series of discoveries that have re-
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ported connections between PKD and
the assembly and function of cilia of
mice and the nematode, Caenorhabditis
elegans, and of flagella of the unicellular
green alga, Chlamydomonas (for previ-
ous reviews, see refs. 42 and 43). The
first connection was the discovery of the
mouse Tg737 gene in an insertional mu-
tagenesis screen (4). The original Tg737
hypomorphic mutation was found to
cause a recessive form of PKD in orpk
mice. Later, deletion of the Tg737 gene
was found to give rise to an embryo-
lethal phenotype that is due to an ab-
sence or stunting of cilia on ventral
node epithelial cells (5, 6), causing dis-
ruption of early morphological left-right
axis determination (5). The protein
product of this gene, polaris, was local-
ized in the axoneme and basal body of
primary cilia (6, 7) and was found to be
required for ciliary assembly (6, 8). An-
other mouse mutant affecting left-right
patterning and also causing PKD, inv
(9), also has a ciliary defect, which in
this case appears to be a functional
rather than structural problem (10). The
inv gene encodes the novel, calmodulin-
binding protein inversin (11, 12). The
recessive cpk mouse model of PKD also
has a ciliary connection. The cpk gene
encodes a protein, cystin, that was found
to reside in the axonemal region of pri-
mary cilia, partially overlapping with
polaris (13). This too may be a func-
tional rather than structural defect be-
cause no obvious structural abnormali-
ties were noted by electron microscopy
in the cilia of cpk mutant mice (14). At
the same time these studies were being
carried out, work was also underway to
examine mutations affecting male mat-
ing behavior in C. elegans, which identi-
fied homologs of the PKD genes lov-1
(for location of vulva, a homolog of
PKD1) and pkd-2, whose protein prod-
ucts were found to localize in cilia of
sensory neurons (15, 16). These proteins
also colocalize with another protein,
OSM-5, which is a homolog of polaris
(17, 18) and IFTS8S, an intraflagellar
transport (IFT) protein of Chlamydomo-
nas (6). The lov-1 and pkd-2 mutations
seem to affect ciliary function (16),
whereas the osm-5 mutations affect cili-
ary structure (17, 18). To extend these
studies to mammals, Pazour et al. (19)
localized the PKD2 product, polycys-

Fig. 1. Scanning electron micrograph of a rat
kidney collecting duct cilium with a bulbous tip.
[Reproduced with permission of John Wiley & Sons,
Inc., from ref. 23 (Copyright 1974, Wiley-Liss).]

tin-2, to cilia of renal epithelial cells.
Then, Yoder et al. (20) reported that
the PKDI product, polycystin-1, as well
as polycystin-2, polaris, and cystin all
localize to primary cilia of cultured
mouse cortical collecting duct cells.
What is remarkable about all these stud-
ies is the variety of PKD models and the
numerous connections between PKD
proteins and cilia.

Primary cilia (Fig. 1) have an axon-
emal structure consisting of a circular
array of nine pairs of microtubules (9 +
0 arrangement; ref. 21). They can be
found on most eukaryotic cells (22) and
are visible on cells in all kidney tubule
segments with the exception of collect-
ing duct intercalated cells (23). Primary
cilia, which are usually nonmotile, are
thought to serve either a chemosensory
or mechanosensory function. These cilia
often contain high concentrations of
receptors and are ideally positioned to
interact with their environment, as with
the odorant receptors on olfactory cilia
(24) or the highly specialized cone and
rod photoreceptors that respond to light.
Cilia also contain the requisite signaling
components, including heterotrimeric G
proteins and ion channels. In fact, a re-
cent proteomics study of motile (9 + 2)

See companion article on page 5286 in issue 9 of volume
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respiratory tract cilia found evidence for
>200 potential axonemal proteins, in-
cluding the Tg737 protein, polaris (25).

Primary cilia on cultured renal epithe-
lial cells have been shown to reversibly
bend in response to lateral fluid shear
forces, as visualized by real-time video
recording under conditions that resem-
ble actual tubular flow rates (26, 27).
Indeed, fluid shear-force bending of the
primary cilia of Madin—Darby canine
kidney (MDCK) cells has been shown to
increase intracellular calcium, from both
extracellular and intracellular sources,
and to transmit these signals to adjacent
cells through gap junctions (28). Decilia-
tion by chloral hydrate treatment abol-
ished flow-induced calcium increases but
did not affect calcium mobilization in
response to mechanical cell-surface
stimulation, indicating that cilia are
mechanosensory flow sensors (29). This
flow-induced increase in intracellular
calcium also caused membrane hyperpo-
larization and increased potassium con-
ductance (30).

Polycystin-1 and -2 have now been
shown to mediate the mechanosensory
function of cilia (31). This was demon-
strated by showing that the calcium
transients induced by fluid-flow ciliary
bending did not occur in polycystin-1
null cells or when cells were treated
with polycystin-1 or -2 blocking anti-
bodies. Thus, it appears that the ciliary
polycystins may be responsible for
mechanosensory calcium signaling.
How the elevated calcium affects cell
function is still unknown; however, it
has been speculated that flow sensing
may regulate intratubular luminal di-
ameters and that a failure to do this
might lead to compensatory growth of
the tubular cells in an attempt to over-
come what seems to be a lack of fluid
flow. Polycystin-1 and -2 are multipass
membrane-spanning proteins that are
thought to directly interact via their
cytosolic C-terminal tails. Polycystin-1
has been shown to activate a number
of signaling pathways and may be a
receptor, whereas polycystin-2 has been
shown to be a transient receptor po-
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tential (TRP)-related calcium channel.
Although the cellular functions of the
polycystins are still unknown, there is
evidence suggesting that polycystin-1
couples with heterotrimeric G proteins
(32-34) and that it regulates polycys-
tin-2 calcium channel activity (33, 35,
36). There is also evidence that, to-
gether, polycystin-1 and -2 up-regulate
the cyclin-dependent kinase inhibitor
p21, thus directly inhibiting the cell
cycle (37). Lin et al. (2) showed that
the KIF3A mutation led to inhibition
of p21, as well as to increased expres-
sion of B-catenin and c-Myc, which
have both been associated with PKD.
There is also evidence that polycystin-1
regulates the response of cells to
cAMP by ensuring that cell prolifera-
tion is not stimulated by increased lev-
els of intracellular cAMP (38-40).
Thus, polycystin-1, acting as a ciliary
mechanoreceptor, may sense luminal
flow rates and signal morphologically
relevant information through a number
of cellular signaling pathways to estab-
lish and maintain appropriate luminal
dimensions. Polycystin-1 anchored into
the ciliary plasma membrane may be
configured to sense ciliary bending.
Polycystin-2, acting as a tension-gated
ion channel, would then respond to
signals from polycystin-1, induced by
ciliary flexing, to generate an influx of
calcium. Calculations have suggested
that as few as one polycystin-2 mole-
cule per cilium (and there is only one
cilium per cell) is sufficient to trigger
the measured calcium influx in MDCK
cells (29).

The experiments of Lin et al. raise the
question of whether PKD is caused by
loss of cilia per se or by loss of the cili-
ary polycystins. In other words, is the
common thread in the cystic diseases
caused by mutations of polycystin-1,
polycystin-2, polaris, cystin, and inversin,
and now KIF3A, an inability to deliver
functionally active polycystins to the cili-
ary membrane? In the human disease,
there is inactivation of the polycystins;
however, nonciliary as well as ciliary
polycystins are lost, so it is not possible
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to tell which of these pools of polycystin
is critical to the disease (or whether
both are). A number of studies have
localized polycystin-1 and -2 to lateral
membrane junctional complexes, in par-
ticular to desmosomes, thus implicating
the polycystins in cell-cell communica-
tion (41). Furthermore, the bulk of poly-
cystin-2 is found in cytosolic mem-
branes, especially the ER, where it is
thought to act as a calcium-activated
calcium-release channel (36).

It would seem that a key experiment
might be to attempt to block the cilia-
targeted polycystins from reaching their
destination in what, otherwise, would be

Is PKD caused
by loss of cilia or
by loss of the ciliary
polycystins?

normal cilia. It was observed in the pho-
toreceptor experiments that some, but
not all, outer segment proteins were car-
goed by kinesin-II (3). The KIF3A mu-
tants were unable to transport the apo-
receptor opsin; however, there was no
abnormality seen in the inner vs. outer
segment distribution of its G protein
partner, transducin. As such, it is possi-
ble that the polycystins might be trans-
ported by an active, kinesin-II-depen-
dent mechanism similar to that used for
opsin transport. If so, this would suggest
that there may be specific cilia-localiza-
tion signals on the polycystin proteins
that would allow their attachment to the
IFT machinery for anterograde trans-
port. If these signals could be identified,
they could be mutated by using knock-in
technology to specifically eliminate cili-
ary polycystin function only, while spar-
ing nonciliary polycystin function, to
determine whether the specific inactiva-
tion of only the ciliary polycystin is suf-
ficient to cause PKD.
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