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Abstract Polycystin-2, or TRPP2 according to the TRP nomenclature, is encoded by PKD2,
a gene mutated in patients with autosomal-dominant polycystic kidney disease. Its precise
subcellular location and its intracellular trafficking are a matter of intense debate, although
a consensus has emerged that it is located in primary cilia, a long-neglected organelle possi-
bly involved in sensory functions. Polycystin-2 has a calculated molecular mass of 110 kDa,
and according to structural predictions it contains six membrane-spanning domains and
a pore-forming region between the 5th and 6th membrane-spanning domain. This section
first introduces the reader to the field of cystic kidney diseases and to the PKD2 gene, before
the ion channel properties of polycystin-2 are discussed in great detail.

Keywords Polycystic kidney disease - Cation channel - Mechanosensation -
Chemosensation - Primary cilia

1
A Brief Introduction to Cystic Kidney Diseases

Cystic kidneys are a cardinal symptom of not only one, but a whole class of
diseases comprising the autosomal-dominant and autosomal-recessive forms
of polycystic kidney disease, medullary cystic kidney disease, nephronophthi-
sis, Bardet-Biedl syndrome, von Hippel-Lindau syndrome, oro-facial digital
syndrome type I and tuberous sclerosis (Witzgall 2005a). Although the age of
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onset, the course of the disease, the affected tubular portion and the histopatho-
logical presentation vary between the different entities, the basic underlying
picture appears to be more or less the same: tubular profiles belonging to the
nephrons and the collecting ducts continuously expand. Despite the cloning of
most of the mutated genes, the pathogenetic events leading to cyst formation
remain a mystery. A reversal of cell polarity, an imbalance between cell prolif-
eration and apoptosis, and changes in the extracellular matrix have been made
responsible for cystogenesis but may well represent only epiphenomena (Gal-
lagher et al. 2002). An increasing amount of data points to the involvement of
primary cilia, a long neglected extension of the apical membrane of epithelial
cells, in cyst formation. Although primary cilia can be found on almost any cell
type in the mammalian organism (Andrews and Porter 1974; Latta et al. 1961;
Wheatley 1995; Wheatley et al. 1996), they have not attracted a lot of atten-
tion for a long time because they were considered an evolutionary relict. Due
to the composition of their axoneme of only nine peripheral, but no central,
doublets of microtubules, primary cilia are believed to be immotile in most
cases, but cells respond to bending of primary cilia with an increase in [Ca®*];
(Nauli et al. 2003; Praetorius and Spring 2001). It therefore has been proposed
that primary cilia serve as mechanosensory organelles which determine the
diameter of renal tubules (for a critical discussion of this model see Witzgall
2005a). Most of the proteins associated with cystic kidney diseases have been
localized to primary cilia, where at least some of them obviously fulfil distinct
functions as transport proteins and ion channels (Witzgall 2005a).

2
Organization and Expression Pattern of the PKD2 Gene

The positional cloning of the human PKD2 gene was published in 1996
(Mochizuki et al. 1996), 2 years after the cloning of the distantly related PKD1
gene (European Polycystic Kidney Disease Consortium 1994). Located on chro-
mosome 4q21-23, the human PKD2 gene is divided into 15 exons and spreads
out over roughly 68 kb of genomic DNA (Hayashi et al. 1997). The murine Pkd2
gene, which lies on chromosome 5, consists of the same number of exons as
the human gene, but it obviously extends over a smaller region (42 kb) of ge-
nomic DNA (Park et al. 2000; Pennekamp et al. 1998). No typical TATA box has
been identified in the human and murine promoter regions, and a preliminary
analysis of the murine Pkd2 promoter indicates the presence of negative regula-
tory elements in its upstream region (Park et al. 2000). Mutations in PKD2 have
been identified in approximately 15% of the patients suffering from autosomal-
dominant polycystic kidney disease (Peters and Sandkuijl 1992; Roscoe et al.
1993; Torra et al. 1996; Wright et al. 1993), but no obvious mutational hot spots
have been found yet. Mutations rather are distributed along the whole length of
the gene (Deltas 2001; and http://archive.uwcm.ac.uk/uwem/mg/hgmd0.html).
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Two publications have addressed the question of whether a correlation between
the genotype and the phenotype of patients exists, and although both reports
confirm such a relationship, they differ regarding the basis of the correlation
(Hateboer et al. 2000; Magistroni et al. 2003).

The expression pattern of the human PKD2 gene and its murine and rat or-
thologues have been investigated repeatedly both by in situ hybridization and
immunohistochemistry using different antibodies. A consensus has emerged
in so far as the highest expression levels in the kidney were found in the distal
nephron portion (Chauvet et al. 2002; Foggensteiner et al. 2000; Markowitz
et al. 1999; Obermiiller et al. 1999; Wu et al. 1998) which is consistent with the
predominant site of cyst formation in Pkd2 knock-out mice (Wu et al. 1998).
On a subcellular level, polycystin-2 was distributed mainly in the basal com-
partment of distal tubular epithelial cells (Foggensteiner et al. 2000; Markowitz
et al. 1999; Obermiiller et al. 1999; Wu et al. 1998). In addition to the kidney,
polycystin-2 was detected in a wide range of other tissues, but except for the
striated ducts of salivary glands (Obermiiller et al. 1999), no basal distribution
was observed (Foggensteiner et al. 2000; Markowitz et al. 1999; Obermiiller
et al. 1999).

3
Domain Structure and Intracellular Distribution of Polycystin-2

The PKD2 gene codes for polycystin-2 (syn. TRPP2), a protein with a pre-
dicted molecular mass of 110 kDa (Fig. 1). Hydropathy analysis of polycystin-2
predicts six membrane-spanning domains with both its NH;- and COOH-
terminus extending into the cytoplasm (Mochizuki et al. 1996), but so far no
experimental data have been presented to support this assumption except for
the fact that an antibody directed against the NH,-terminus of polycystin-2
failed to stain non-permeabilized transfected cells (Cai et al. 1999), which sug-
gests that at least the NH;-terminus of polycystin-2 is located in the cytoplasm
and does not protrude into the extracellular space. Between the 5th and 6th
membrane-spanning domain a pore-forming region has been postulated, and
the COOH-terminus of polycystin-2 supposedly contains a coiled-coil domain
and a Ca’*-binding EF-hand, but again experimental evidence for the presence
of these motifs is lacking. Interestingly, the homomerization of polycystin-2
and its interaction with polycystin-1, the protein encoded by the PKD1 gene,
is mediated through its COOH-terminus (Qian et al. 1997; Tsiokas et al. 1997).
It will be very useful to find out whether these interactions are modulated
by Ca®*.

A controversial debate which has not been conclusively settled yet con-
cerns the intracellular location of polycystin-2. Conflicting results have been
brought forward to support the presence of polycystin-2 in the endoplasmic
reticulum and in the plasma membrane (for a more detailed discussion see
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Fig. 1 Putative topology of polycystin-2. Polycystin-2 is predicted to span the membrane six
times, with a supposed pore-forming region between the 5th and 6th membrane-spanning
domains. The NH,- and COOH-terminus are believed to extend into the cytoplasm, although
these assumptions have not been corroborated experimentally. As can be easily appreciated,
the COOH-terminus has received the most attention. It has been shown to interact with
polycystin-2 itself (Qian et al. 1997; Tsiokas et al. 1997), with a-actinin (Li et al. 2005a),
CD2AP (Lehtonen et al. 2000), Dial (Rundle et al. 2004), 1d2 (Li et al. 2005b), the IP3 receptor
(Li et al. 2005¢), PACS-1 and PACS-2 (Kottgen et al. 2005), PIGEA-14 (Hidaka et al. 2004),
polycystin-1 (Qian et al. 1997; Tsiokas et al. 1997), tropomyosin-1 (Li et al. 2003a), troponin I
(Li et al. 2003b) and TRPC1 (Tsiokas et al. 1999). The actin cytoskeleton-associated protein
a-actinin has also been demonstrated to interact with the NH,-terminus of polycystin-2,
and HAX-1 was shown to associate with the putative pore-forming region of polycystin-2
(Gallagher et al. 2000)

Witzgall 2005b). The intracellular distribution of polycystin-2 has become even
more complicated by the fact that polycystin-2 was detected in primary cilia
(Pazour et al. 2002; Yoder et al. 2002).

4
lon Channel Properties and Pharmacology of Polycystin-2

Due to the sequence and structural similarity of polycystin-2 to a-subunits
of voltage-activated calcium channels (Mochizuki et al. 1996) and to the in-
teraction of polycystin-2 with TRPCI (Tsiokas et al. 1999), it was speculated
already early on that polycystin-2 acts as a cation channel. The finding that
the closely related protein polycystin-2L acts as a non-selective cation chan-
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nel with a large unitary conductance further supported this assumption (Chen
etal. 1999). Since then, a large number of publications have reported on the ion
channel properties of polycystin-2; they all agree that polycystin-2 represents
a non-selective ion channel with a large conductivity of approximately 100 pS.
A more detailed presentation of the additional, sometimes contradictory find-
ings is presented in the rest of this section.

The first report on the channel properties of polycystin-2 was based on the
expression of the human PKD2 complementary DNA (cDNA) in transiently
transfected CHO cells (Hanaoka et al. 2000). Measurements of whole-cell cur-
rents showed novel cation currents with slightly outwardly rectifying charac-
teristics. La>* ions, which inhibit non-selective cation channels, and niflumic
acid, which inhibits non-selective cation and ClI™ channels, blocked the current
in a dose-dependent manner. Consistent with these observations was the find-
ing that polycystin-2 conducted Ca**, Na* and Cs* (with permeability ratios
of 1.12:1:0.57, Pcaz+:Pnas:Pcss ), but not Cl™ ions. In this publication the re-
markable observation was made that polycystin-2 synthesized in CHO cells in
the absence of polycystin-1 remained in the endoplasmic reticulum, whereas
in its presence it reached the plasma membrane, which correlated with the fact
that novel currents were only seen when polycystin-2 was synthesized together
with polycystin-1 but not without it. A truncation mutant of polycystin-2 which
lacked a large portion of the COOH-terminus including the putative EF-hand
(R742X mutant) generated no currents (Hanaoka et al. 2000).

The main observations of this first report were confirmed by another group
which expressed the murine Pkd2 ¢cDNA in Xenopus oocytes, although there
were some differences. Most of the full-length polycystin-2 protein was re-
tained in intracellular membranes, but chemical chaperones and proteasome
inhibitors induced its trafficking to the plasma membrane (Vassilev etal. 2001).
Whole-cell conductance of Xenopus oocytes did not change after injection of
the murine Pkd2 cDNA, consistent with the predominant intracellular loca-
tion of full-length polycystin-2, although the uptake of radioactive Ca®* ions
increased fourfold (Chen et al. 2001). Using cell-attached or excised mem-
brane patches, again a novel non-selective cation channel was detected which
conducted both monovalent (Na*, K*, Li*, Rb*, NH,;*) and divalent (Ca2*,
Sr**, Ba**) ions and was inhibited by La** but not nifedipine, a blocker of
voltage-gated Ca®" channels and ryanodine and inositol 1,4,5-trisphosphate
(IP3) receptors (Vassilev et al. 2001). This time, however, the channel was
slightly inwardly rectifying and no single channel recordings were observed
in the presence of Cs* (permeability ratios were 0.14:1:0.73, Pyas:Pk+:PNias,
and 0.21:1, Pcaz+:Px+) (Vassilev et al. 2001). The addition of 1 pM Ca?* to the
bath solution transiently increased the open probability of polycystin-2, but
millimolar concentrations of Ca** inhibited currents. The R742X mutant dis-
played a slightly lower conductivity than the wild-type protein, was (almost)
impermeable to Ba** and Sr** (Chen et al. 2001) and did not respond to the
addition of Ca** (Vassilev et al. 2001). The findings in Xenopus oocytes were
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extended to non-transfected and transfected inner medullary collecting duct
(IMCD) cells in which very similar conductiviti es and permeability ratios for
different cations were obtained as in the oocytes (Luo et al. 2003). Finally,
synthesis of the full-length polycystin-2 protein in sympathetic neurons to-
gether with polycystin-1led to the accumulation of polycystin-2 in the plasma
membrane, where it acted as a non-selective cation channel whose activity
could be inhibited by La** ions and amiloride (Delmas et al. 2004). In contrast
to the results obtained with oocytes, however, the Py, :Px4 permeability ratio
was 0.98 and not 0.14. The R742X polycystin-2 mutant protein again displayed
a somewhat lower conductivity than the full-length protein (90 pS vs 110 ps),
but its open probability was markedly higher (Delmas et al. 2004).

A different approach was used by a third group which first investigated
the channel properties of human syncytiotrophoblast cells (Gonzdlez-Perrett
et al. 2001). For this, membrane vesicles (apical enriched) of human syn-
cytiotrophoblast cells were reconstituted onto planar lipid bilayers. An en-
dogenous high-conductance, non-selective, voltage-dependent cation channel
was detected with a Pny4:Px+ permeability ratio of 1.1. Again the channel
was inhibited by La’* and high concentrations (90 mM) of Ca?* ions, and
also by Gd*>* ions and amiloride. The expression of the endogenous PKD2
gene was confirmed on the messenger RNA (mRNA) and protein level, and
an anti-polycystin-2 antibody inhibited this particular channel. Subsequent
synthesis of the human polycystin-2 protein in S$f9 insect cells and use of in
vitro-translated protein confirmed the data obtained with the human syncy-
tiotrophoblast cells and further demonstrated a Pcsy:Ppaz+ permeability ratio
of 0.65 (Gonzdlez-Perrett et al. 2001). This group was also able to confirm that
the R742X mutant of polycystin-2 acted as a channel, although with a lower
conductivity and open probability than the full-length protein (Xu et al. 2003).

A comparable strategy from yet another group, i.e. expression of the hu-
man PKD2 c¢DNA in stably transfected cells (this time the porcine kidney
epithelial cell line LLC-PK;), isolation of endoplasmic reticulum-enriched
membrane vesicle and reconstitution onto lipid bilayers again demonstrated
that polycystin-2 represented a high-conductance, non-selective, voltage-de-
pendent cation channel (Koulen et al. 2002). Using various organic cations of
different sizes, it was estimated that the pore diameter of polycystin-2 was at
least 1.1 nm (Anyatonwu and Ehrlich 2005). Another truncated polycystin-2
protein, the L703X mutant, showed a lower conductivity (28 pS vs 114 pS for
full-length polycystin-2 in the presence of Ba>*) and required a larger negative
membrane potential for activation. Confirming previous results, [Ca**] up to
1,260 uM increased the open probability of full-length polycystin-2, whereas
higher concentrations were inhibitory; no such modulatory activity of Ca®*
was observed for the L703X mutant protein (Koulen et al. 2002). Phosphoryla-
tion of the serine residue at position 812, possibly by casein kinase 2, appears
to increase the calcium sensitivity of polycystin-2 (Cai et al. 2004).
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5
Modes of Activation of Polycystin-2

So far only a very limited amount of data are available on how polycystin-2
Is activated. In particular it is not known whether there is a natural ligand
for this protein. Probably the most exciting data indicate that polycystin-2
(together with polycystin-1) plays an essential role for mechanosensation of
kidney epithelial cells by primary cilia (Nauli et al. 2003). There are several
open questions as to whether the diameter of renal tubules can be determined
by a flow-based mechanism (Witzgall 2005a), but the flow model currently is
the most widely discussed one regarding the pathomechanism of cyst forma-
tion. Consistent with the biochemical interaction between polycystin-2 and
polycystin-1 (Qian et al. 1997; Tsiokas et al. 1997), polycystin-1 was able to
reactivate the channel activity of polycystin-2 in lipid bilayer membranes (Xu
etal. 2003). The interaction of polycystin-2 with cytoskeletal components such
as Hax-1 (Gallagher et al. 2000), troponin I (Li et al. 2003b), tropomyosin-1 (Li
etal. 2003a) and a-actinin (Li et al. 2005a) could also be very important in such
a scenario, and indeed it was shown for a-actinin (Li et al. 2005a) that it dras-
tically increases the channel activity of polycystin-2. Employing membrane
preparations from human syncytiotrophoblast cells, it was demonstrated that
the activity of a cation channel, possibly polycystin-2, was modulated by gel-
solin and the polymerization status of the actin cytoskeleton (Montalbetti et al.
2005b).

Other factors directly or indirectly modulating the activity of polycystin-2
are the pH value, hydro-osmotic pressure, vasopressin, epidermal growth fac-
tor (EGF) and ATP. The channel activity of full-length polycystin-2 (Gonzalez-
Perrett et al. 2002) and its R742X truncation mutant (Chen et al. 2001) was
inhibited by an increased [H*]. Using again apical membrane preparations
from human syncytiotrophoblast cells, it was also shown that polycystin-2
channel activity can be modulated by hydro-osmotic pressure (Montalbetti
et al. 2005a). LLC-PK; cells stably transfected with the human PKD2 cDNA
were used to demonstrate that polycystin-2 can be activated by vasopressin
(Koulen et al. 2002), EGF (apparently through releasing the inhibition by
phosphatidylinositol-4,5-bisphosphate) (Ma et al. 2005) and ATP (Gallagher
et al. 2006). In addition to acting as a non-selective cation channel itself,
polycystin-2 also interacts with the IP3 receptor and may thereby influence
[Ca?*];. The latter findings deserve note because vasopressin (Torres et al.
2004), EGF (Sweeney et al. 2000; Torres et al. 2003) and ATP (Hooper et al.
2003; Schwiebert et al. 2002) are felt to promote cyst formation. Since most of
the mutations in the PKD2 gene are believed to be inactivating (Deltas 2001),
the cyst-promoting activity of vasopressin, EGF and ATP should be prevented
as long as functional polycystin-2 is present; only if polycystin-2 is lost by
mutations should vasopressin, EGF and ATP be able to induce cystogenesis.
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6
Biological Relevance, Emerging and Established Roles for Polycystin-2

As already elaborated in the introductory remarks and in the preceding sec-
tion, polycystin-2 is believed to be responsible for the flow-mediated rise
in [Ca?*]; (Nauli et al. 2003) and thereby possibly for determining the cor-
rect width of renal tubules. At this point it is not clear how the mechanical
stimulus is transmitted through polycystin-2—whether it is a direct action
on polycystin-2 or whether other proteins sense the mechanical stress and
subsequently act on polycystin-2. Experiments performed with the worm
Caenorhabditis elegans have provided evidence for a chemosensory role of
cilia (Barr et al. 2001; Barr and Sternberg 1999; Haycraft et al. 2001) and it
therefore cannot be ruled out that the orthologue of polycystin-2 is activated
by chemical stimuli in the worm. The activation of polycystin-2, possibly
by phosphorylation, in turn can inhibit the cell cycle through its interaction
with the helix-loop-helix protein Id2 (Li et al. 2005b). Such a scenario is con-
sistent with the finding that cyst wall epithelial cells proliferate at a higher
rate than regular tubular epithelial cells (e.g. Lanoix et al. 1996; Ramasubbu
et al. 1998).

Another surprising finding in the Pkd2knock-out mice was the development
of situs inversus (Pennekamp et al. 2002), thus indicating that polycystin-2
also plays an important function in left-right axis differentiation. A pheno-
typic connection between polycystic kidney disease and situs inversus, for
which primary cilia may be the key, had already been made earlier for other
proteins (Mochizuki et al. 1998; Murcia et al. 2000). The correct placement
of the internal organs, e.g. of the heart on the left and the liver on the right,
may already be determined very early on (Levin et al. 2002), although the
best investigated stage of development represents that of the primitive node.
The primitive node is a temporary structure during embryonic development
which serves as an essential signalling centre for left-right axis development.
Cells in the primitive node elaborate primary cilia, but surprisingly some of
these cilia are motile—they are able to rotate, and this rotational movement
has been proposed to break the left-right axis (Cartwright et al. 2004). There
is another population of cells in the primitive node which are immotile but
which (like primary cilia of motile cells) contain polycystin-2. According to
the current model, the motile cilia are responsible for generating a gradient for
an extracellular signalling molecule which in turn is transduced into an intra-
cellular calcium signal by polycystin-2 (McGrath et al. 2003). It is noteworthy
that Pkdl knock-out mice do not present with situs inversus, which is con-
sistent with the absence of polycystin-1 in primary cilia of the node (Karcher
et al. 2005).
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7
Perspective

The emergence of the polycystins and their connection to primary cilia have
opened up a whole new arena in the field of cell biology and renal biology.
Despite a lot of exciting new evidence, we are still in the early stages of the
investigations and many questions remain to be answered. A host of proteins
has been described to interact with the COOH-terminus of polycystin-2, and
it appears very difficult conceptually to see them all interacting at the same
time in this rather short region of the protein. It will be a challenge to sort
out the respective interacting domains and to determine whether there are
cell type-specific interactions. What about proteins interacting with the rest of
polycystin-2, are they involved in directing polycystin-2 to primary cilia? What
is the natural ligand for polycystin-2? It remains to be seen whether the stim-
ulation of cells with vasopressin, EGF and ATP is the physiologically relevant
stimulus for polycystin-2, how mechanical stimuli are transmitted to and by
polycystin-2, and whether polycystin-2 is also involved in chemosensation. We
certainly also have much to discover about the signalling events downstream
of polycystin-2, and this may lead us to target genes activated by polycystin-2
and ultimately to the “Holy Grail” of the mechanism through which the width
of the renal tubules is determined. Obviously the field of cystic kidney diseases,
polycystin-2 and primary cilia will keep us busy for quite some time to come.
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