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Primary cilia and polycystic kidney disease
Karin Babinger and Ralph Witzgall

Situs inversus and polycystic kidney
disease converge at primary cilia
Although at first glance our body looks sym-
metrical, our internal organs obviously are
arranged asymmetrically. It goes without say-
ing that the heart is located on the left side
and the liver on the right side yet such a see-
mingly trivial fact poses a very difficult biolo-
gical question: How is the arrangement of the
internal organs, the situs, requlated? Develop-
ment of the organism starts with the fertilized
oocyte, a round structure with no obvious
asymmetry. At some point during develop-
ment, however, axis formation occurs: A dor-
sal-ventral, an anterior-posterior and a left-
right axis are established. Defects in left-right
axis formation have been observed and are
compatible with life, the patients suffer from
situs inversus, i.e. their heart is located on the
right side and the liver is located on the left
side. As in many other circumstances, eviden-
ce obtained in the mouse has led to important
insight into how the left-right axis may be for-

med. One mouse mutant, the inv mouse, not
only presents with situs inversus but also with
polycystic kidneys. At the time of its first des-
cription it posed a puzzle why both symptoms
were present in the same mouse mutant.

Polycystic kidneys are characterized by the
continuous formation of cysts, fluid-filled
cavities lined by an epithelium. The disease is
found in almost 10% of patients suffering
from end-stage renal disease, so far no curati-
ve therapy is known and many patients finally
require dialysis or a kidney transplant (Anony-
mous, 1991, 1998; European Dialysis and
Transplant Association Registry, 1986; Europe-
an Polycystic Kidney Disease Consortium,
1994; Lowrie and Hampers, 1981; Torra et al,,
1995). At a prevalence of at least 1:1,000
autosomal-dominant polycystic kidney disea-
se, one of the forms of polycystic kidney dise-
ase, belongs to the most common monogene-
tic diseases affecting patients (Davies et al,,
1991; Higashihara et al., 1998). In 1994 muta-
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Figure 1. Structure of polycystin-2. The human polycystin-2 protein is 968 amino acids long and contains 6
transmembrane domains (I-VI), the ion-conducting pore is located between the 5th and 6th transmembrane
domain. Both its NH2- and COOH-terminus extend into the cytoplasm. Depending on whether polycystin-2 is
retained in the endoplasmic reticulum or reaches the ciliary plasma membrane, loops 1, 3 and 5 extend into the
lumen of the endoplasmic reticulum or into the extracellular space. A ciliary targeting motif was found at the
extreme NH2-terminus (pink box, Geng et al,, 2006), and a retention signal for the endoplasmic reticulum (ER)
was identified in the COOH-terminus (yellow box, Cai et al., 1999).
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tions in the first gene responsible for autoso-
mal-dominant polycystic kidney disease, PKDT,
were published (European Polycystic Kidney
Disease Consortium, 1994). PKD1 codes for
polycystin-1, a large integral membrane pro-
tein of 4,302 amino acids in length and 11
membrane-spanning domains (Hughes et al.,
1995; Nims et al., 2003). The NHz-terminus of
polycystin-1 represents the largest portion of
the protein and extends into the extracellular
space. It contains many characteristic motifs
and is speculated to mediate cell-cell and/or
cell-matrix contacts but so far the function of
polycystin-1 remains enigmatic. Mutations in
the second gene, PKD2, were published two
years later (Mochizuki et al., 1996). Whereas
PKD1 is mutated in ~85% of the patients, the
remaining ~15% suffer from mutations in the
PKD2 gene (Peters and Sandkuijl, 1992; Roscoe
et al,, 1993; Torra et al., 1996; Wright et al,,
1993). Polycystin-2 (Figure 1) also is an inte-
gral membrane protein but with 968 amino
acids it is much smaller than polycystin-1. It
contains the characteristic features of cation
channels (Delmas et al., 2004; Koulen et al.,
2002). Polycystin-2 traverses the membrane 6
times, the ion-conducting pore is located bet-
ween the 5th and 6th membrane-spanning
domain, and the NH.- and COOH-terminus
both extend into the cytoplasm. The phenoty-
pe of the Pkd7 and Pkd2 knock-out mice con-
firmed that both genes are responsible for the
development of polycystic kidneys. One addi-
tional, surprising finding in the Pkd2 [but not
in the Pkd7 (Karcher et al., 2005)] knock-out
mice was situs inversus (Pennekamp et al.,
2002). The connection between polycystic kid-
neys and situs inversus became immediately
clear once it was recognized that polycystin-2
is a component of the primary cilium, a hair-
like extension of epithelial and many other cell
types. Primary cilia are not only found on epi-
thelial cells lining the kidney tubules but also
on cells of the primitive node which is suspec-
ted to play a central role in breaking left-right
symmetry.

Primary cilia, long-neglected
organelles

Primary cilia (Figure 2) were documented for
the first time in 1898 by Zimmermann (Zim-
mermann, 1898) but their more precise cha-
racterization was not possible until the arrival
of the electron microscope and improved
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Figure 2. Primary cilia on renal epithelial LLC-
PK1 cells. Primary cilia (arrows) were visualized with
a primary antibody directed against acetylated tubu-
lin and a FITC-conjugated secondary antibody. Nuclei
are shown in blue. Bar, 15 um.

techniques for preparing ultra thin sections
(Barnes, 1961; Currie and Wheatley, 1966).
Although experimental work on primary cilia
began at the end of the 1970s (Wheatley,
2005) they were often viewed as rudimentary
cell appendages with no function. The primary
cilium is found on many different cell types in
the mammalian body [(Wheatley et al., 1996),
and http://www.bowserlab.org/primarycilia/
cilialisthtml] and occurs as a solitary, non-
motile (with the exception of nodal cilia, see
below), hair-like cell appendix extending from
the basal body. In contrast to motile kinocilia
with their 9 peripheral microtubule doublets
and one central pair of microtubules, primary
cilia lack the central pair of microtubules, the
dynein arms, nexin and radial spokes (Figure
3). The plasma membrane of the cell body and
of the primary cilium appear to be seamlessly
connected, yet a barrier has to exist between
them because some proteins can only be found
in the primary cilium and not in the surroun-
ding somatic plasma membrane.

Seminal experiments in the nematode Caenor-
habditis elegans and with renal epithelial cells

have finally attributed chemo- and mechano-
sensory roles to primary cilia. C. elegans has a
highly developed chemosensory system to find
food and to detect mates. The sensory trans-
duction molecules in the worm's chemosenso-
ry neurons are located in the sensory cilium
which has a structure very similar to that of a
primary cilium (Ward et al., 1975; Ware et al.,
1975). Barr and Sternberg showed that LOV-1
and PKD-2, the likely orthologues of polycys-
tin-1 and polycystin-2 in C. elegans, respecti-
vely, are both present in sensory neurons of
adult males. PKD-2 is believed to regulate the
ability of adult male worms to respond to
mating cues that likely involve both chemo-
sensory and mechanosensory components
(Barr et al., 2001; Barr and Sternberg, 1999).
Mutant worms with defects in LOV-1 and
PKD-2 present with the same sensory defects
in mating behaviors which argues for a func-
tional connection between the two proteins.
Indeed it has been demonstrated by various
approaches that polycystin-1 and polycystin-2
also interact biochemically (Casuscelli et al.,
2009; Qian et al., 1997; Tsiokas et al., 1997).

Around the same time Praetorius and Spring
investigated how MDCK (Madin-Darby canine
kidney) renal epithelial cells respond to flow.
They produced good evidence that primary
cilia act as a flow sensor. When they bended
the cilium, the intracellular calcium concen-
tration increased, probably due to the influx of
Ca* ions through mechanosensitive channels
in the shaft or at the base of the primary
cilium. Following the influx of extracellular
Ca* ions, Ca** becomes released from inositol-
triphosphate (IPs)-sensitive stores (Praetorius
and Spring, 2001). When the cilia were remo-
ved, a flow-induced Ca** response was no lon-
ger observed (Praetorius and Spring, 2003).
Subsequent experiments by the group of Jing

Zhou showed the involvement of polycystin-1
and polycystin-2 in sensing flow (Nauli et al.,
2003). The authors suggest that polycystin-1,
possibly through the PKD domains in its long
extracellular NH.-terminus, acts as a mecha-
nosensor and transduces the flow-induced
bending of the primary cilium into a molecular
signal. Through its interaction with polycystin-
2 a local Ca* influx in the primary cilium
would ensue which would be amplified
through Ca*-induced Ca* release via ryanodi-
ne receptors. The changes in intracellular Ca2+
concentrations may modulate various cellular
functions such as gene expression, growth,
differentiation and apoptosis. Loss or dysfunc-
tion of polycystin-1 and polycystin-2 may the-
refore lead to polycystic kidney disease as a
result of the inability of the cells to sense
mechanical stimuli that normally requlate tis-
sue morphogenesis.

An exception to the rule that primary cilia are
immotile are the nodal cilia in the primitive
node, a crucial structure during embryonic
development. Just like normal primary cilia
they lack a central pair of microtubules but
they contain radial spokes and dynein arms.
Nodal cilia are capable of a characteristic
counterclockwise rotation which occurs for
only a few hours during development. This
movement is responsible for a fluid flow from
right to left across the node which in turn is
essential for left-right axis formation (Nonaka
et al., 2002; Nonaka et al., 1998). Accordingly
the randomization of left-right axis specifica-
tion has been observed in mice lacking the cili-
ary transport proteins Kif3a (Marszalek et al.,
1999; Takeda et al., 1999) and Kif3b (Nonaka
et al., 1998). But how does nodal flow deter-
mine the left-right axis in the embryo? One
model is based on the observation that two
forms of nodal cilia exist - in addition to cilia
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Figure 3. Structure of primary cilia and kinocilia. Primary cilia only contain 9 peripheral doublets of microtubules whereas kinocilia also contain a central pair of

microtubules and additional structural features such as dynein arms and nexin between neighboring microtubules.
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with their rotating motion also immotile pri-
mary cilia can be found. The immotile primary
cilia sense the presence of a yet to be identi-
fied morphogen whose asymmetric concentra-
tion results from the flow produced by the
motile nodal cilia (McGrath and Brueckner,
2003; McGrath et al., 2003). Such a scenario is
supported by the observation that the intra-
cellular Ca* concentration is higher on the left
side of the node (McGrath and Brueckner,
2003). Some cilia-associated proteins like
polycystin-2 (Pennekamp et al., 2002), polaris
(Moyer et al., 1994; Murcia et al.,, 2000) and
the already mentioned inversin (the protein
mutated in the inv mouse mutant) (Morgan et
al., 1998) obviously are important both during
embryonic development in the node and for
tubulogenesis in the kidney because their
inactivation results in situs inversus and poly-
cystic kidneys.

Polycystin-2, a non-selective cation
channel of the primary cilium

Although it was speculated early on that poly-
cystin-2 acts as an ion channel (Mochizuki et
al., 1996), it took several years before formal
proof was obtained. Meanwhile it has been
firmly established that polycystin-2 belongs to
the TRP family of cation channels. It is perme-
able for mono- and divalent cation and exhi-
bits a large conductivity (Delmas et al., 2004;
Koulen et al., 2002). Small concentrations of
Ca® activate the channel whereas high con-
centrations of Ca** inactivate it. The structural
analysis of the COOH-terminus of polycystin-2
has demonstrated the presence of 2 Ca*-bin-
ding sites, one with a low and the other one
with a high affinity (Schumann et al., 2009). In
the absence of Ca** polycystin-2 forms higher-
order complexes, possibly trimers, whereas in
its presence the complex dissociates. It there-
fore seems possible that the assembly state of
polycystin-2 determines the activity of the
channel: In the presence of high Ca* concen-
trations the protein complex disassembles and
polycystin-2 no longer functions as a channel.

Many interacting proteins have been identified
for polycystin-2 which may modulate its acti-
vity. For example, Kif3a (Li et al., 2006), a-
actinin (Li et al., 2005) and fibrocystin (Wang
et al., 2007) interact with the NHz-terminus of
polycystin-2, and more than 20 proteins such
as polycystin-1 (Qian et al., 1997; Tsiokas et
al., 1997), polycystin-2 itself (Tsiokas et al.,
1997), PIGEA-14 (Hidaka et al., 2004), Kif3a (Li
et al,, 2006) and Kif3b (Wu et al., 2008) inter-
act with the COOH-terminus of polycystin-2.
Some of the interacting proteins influence the
intracellular location of polycystin-2, a con-
troversially discussed topic in the field (Witz-

gall, 2005). Exogenous polycystin-2 produced
in HEK 293 cells (a human embryonic kidney
cell line), MDCK cells, LLC-PK1 cells (a porcine
kidney epithelial cell line) and Hela cells (a
human cervical carcinoma cell line) is found in
a reticular pattern, consistent with its location
in the endoplasmic reticulum (Cai et al., 1999;
Koulen et al., 2002). The immunofluorescence
findings were confirmed biochemically. On
their way to the plasma membrane the sugar
residues of N-glycosylated proteins become
modified in the Golgi apparatus in such a way
that they cannot be removed by endoglycosi-
dase H any longer. Indeed exogenous polycys-
tin-2 is N-glycosylated and still sensitive to
endoglycosidase H (Cai et al., 1999; Hidaka et
al., 2004). Results from density gradient cen-
trifugations and cell surface biotinylations also
support the notion that polycystin-2 is located
in the endoplasmic reticulum. An explanation
for the intracellular location of polycystin-2 is
the presence of a retention signal for the end-
oplasmic reticulum in the COOH-terminus of
the protein (Cai et al., 1999). The findings in
the various cell lines have been confirmed with

human and murine kidney tissues (Cai et al.,
1999; Koulen et al., 2002). It should also be
mentioned, however, that evidence for the
presence of endogenous polycystin-2 in the
plasma membrane has been presented (Luo et
al., 2003; Scheffers et al., 2002). Whatever the
final outcome will be, it is generally accepted
that a small portion of polycystin-2 escapes
from the endoplasmic reticulum and reaches
the primary cilium.

Protein transport to and in the
primary cilium

Little is known how integral membrane pro-
teins such as polycystin-2 reach the primary
cilium and are transported in the primary
cilium. We believe that most of polycystin-2 is
located in the endoplasmic reticulum from
where it is transported in a COPIl-dependent
fashion to the cis-side of the Golgi apparatus.
The majority of polycystin-2 is transported
back to the endoplasmic reticulum due to a
34-amino acid retention signal in its COOH-
terminus (Cai et al., 1999) but a small percen-
tage of the protein escapes and is transported
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Figure 4. Intraflagellar transport. Many proteins, including integral membrane proteins, are actively trans-
ported in primary cilia. Transport to the tip of the cilium is mediated by kinesin-2, retrograde transport by
dynein. The switch at the tip of the cilium is not understood, furthermore the nature of the barrier at the base of

the cilium is unknown.
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to the base of the primary cilium with the aid
of a ciliary trafficking motif at its NH.-termi-
nus (Geng et al., 2006). The docking of trans-
port vesicles at the base of the primary cilium
probably depends on Rab8a, a monomeric G-
protein, and on the BBSome, a complex of pro-
teins which are mutated in patients suffering
from Bardet-Biedl syndrome (Nachury et al.,
2007: Yoshimura et al., 2007).

How is the movement of proteins in the pri-
mary cilium regulated? For the assembly and
maintenance of the primary cilium a coordina-
ted process called intraflagellar transport (IFT,
Figure 4) is necessary (Pazour et al., 2000;
Pazour and Rosenbaum, 2002). In C. elegans
IFT appears to be dispensable for the move-
ment of the polycystin-2 orthologue PKD-2
inside the cilium (Bae et al., 2006; Qin et al.,
2005). However, in the flagella of Chlamydo-
monas reinhardtii the retrograde (but not the
anterograde) transport component of IFT is
essential for the trafficking of the polycystin-
2 orthologue CrPKD2. But also in this organism
the anterograde part of the IFT plays no role in
the movement of CrPKD2 (Huang et al., 2007).
Our own studies with LLC-PK: cells suggest
that the situation is different yet again in
mammalian cells.

Perspectives

Many novel results on primary cilia and poly-
cystic kidney disease were obtained during the
last decade. The intracellular transport of poly-
cystin-2 and other integral membrane proteins
from the endoplasmic reticulum to the prima-
ry cilium represents a fascinating cell biologi-
cal problem with many unanswered questions.
Where and how does polycystin-2 leave the
Golgi compartment? How does it reach the
base of the primary cilium? How does it enter
the primary cilium? What is the barrier bet-
ween the ciliary membrane compartment and
the surrounding plasma membrane? Answers
to these questions promise to provide intri-
guing insight into fundamental cell biological
problems.
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