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Abstract
Autosomal dominant polycystic disease (ADPKD) is the most common form of inherited kidney
disease that results renal failure. The understanding the pathogenesis of ADPKD has advanced
significantly since the discovery of the two causative genes, PKD1 or PKD2. Dominantly inherited
gene mutations followed by somatic second hit mutations inactivating the normal copy of the
respective gene result in renal tubular cyst formation that deforms the kidney and eventually impairs
its function. The respective gene products, polycystin-1 and polycystin-2, work together in a common
cellular pathway. Polycystin-1, a large receptor molecule, forms a receptor-channel complex with
polycystin-2, which is a cation channel belonging to the TRP family. Both polycystin proteins have
been localized to the primary cilium, a non-motile microtubule based structure that extends from the
apical membrane of tubular cells into the lumen. Here we discuss recent insights in the pathogenesis
of ADPKD including the genetics of ADPKD, the properties of the respective polycystin proteins,
the role of cilia, and some cell signaling pathways that have been implicated in the pathways related
to PKD1 and PKD2.
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Autosomal dominant polycystic kidney disease (ADPKD; MIM 173900) is a systemic disorder
characterized by age-dependent occurrence of bilateral, multiple renal cysts as well as a variety
of extrarenal manifestations. The latter include cysts in the liver bile ducts, pancreatic ducts,
seminal vesicles, and arachnoid membrane, as well as non-cystic manifestations, such as
intracranial aneurysms and dolichoectasias, aortic root dilatation and aneurysms, mitral valve
prolapse, and abdominal wall hernias (1). The study of this disease through human genetics,
animal models, classical cell biology and biochemical approaches has yielded remarkable
insights; however, the goal of finding an effective treatment is still a work in progress.
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Mutations in two genes, PKD1 and PKD2, are responsible for ADPKD (2–4). Subsequently,
the genes for a number of other inherited diseases that manifest with varying degrees of cyst
formation (e.g., recessive polycystic kidney disease, nephronophthisis, Bardet Biedl syndrome,
and several others) have been discovered (5–8). Mechanistic studies of ADPKD and the other
cystic kidney diseases have identified a previously little appreciated organelle, the primary
cilium and its associated basal body complex, as the central cellular compartment in the
pathogenesis of this group of disorders (9). These insights have accelerated a broader
understanding of the clinical diseases and have moved the field to the threshold of directed
therapeutic clinical trials for ADPKD.

GENETICS OF ADPKD
Mutations in at least two genes cause the clinical presentation of ADPKD. PKD1, located on
chromosome 16p13.3, accounts for 85% of families; PKD2, on chromosome 4q21, accounts
for the remainder (Table 1). Families with mutations in PKD1 tend to have more severe clinical
presentations, but there is marked intra-familial and inter-familial variability in the clinical
manifestations of ADPKD that go beyond the germline mutation and may suggest a possible
role for genetic background in disease progression (10–12). Genotype-phenotype correlations
have been difficult to identify in ADPKD although there is some indication that patients with
mutations in the 5' region of PKD1 tend to have a more severe disease with increased risk of
intracranial aneurysms and earlier onset of ESRD compared to patients with 3' mutations
(13–15). Trans-heterozygous individuals in a rare family segregating mutations in both
PKD1 and PKD2 showed a more severe presentation compared to family members with single
mutations (16), consistent with an additive effect of having mutations in both genes. While it
is likely that complete loss of function mutations affecting either gene would result in non-
viable progeny (16;17), a recent report described several individuals carrying two incompletely
penetrant, hypomorphic, PKD1 mutations (18).

THE PKD GENES AND THEIR PROTEIN PRODUCTS
PKD1 and PKD2, respectively encode for proteins polycystin-1 (PC1) and polycystin-2 (PC2)
(Fig. 1). Polycystin-1 (PC1) is comprised of 4302 amino acids with a large extracellular domain
(3074 aa), 11 transmembrane spanning segments and a short cytoplasmic tail (197 aa) (19;
20) (Fig 1). The extracellular NH2-terminal domain contains a distinct combination of protein
motifs involved in protein-protein, protein carbohydrate interactions (19;21), a receptor egg
jelly (REJ) domain (22) and a GPCR proteolytic site (GPS domain) (23). The region of the last
five transmembrane spans of PC1 share sequence homology with polycystin-2 (PC2) (24). PC1
occurs as a full length protein but also undergoes autoproteolytic cleavage at the GPS site to
yield the extracellular NH2-terminal fragment (NTF) and the intramembranous COOH-
terminal fragment (CTF) which remains tethered after cleavage (13). A novel mouse model
(Pkd1v/v) carrying a non-cleavable mutation in Pkd1 suggested that GPS cleavage is required
to prevent cyst formation (25). The cytoplasmic tail of PC1 also has been reported to undergo
cleavage events. In one proposed model the entire C-terminal tail (p200) is cleaved and
translocates to the nucleus (26) and binds β-catenin preventing TCF mediated gene
transcription (27). In another study, a different cleavage event occurs resulting a 112 amino
acid fragment of the C-terminus that interacts with STAT6 and p100 which is thought to
stimulate transcriptional activity (28).

Polycystin-2 (PC2) consists of 968 amino acids with 6 transmembrane domains (29). It is a
non-selective cation channel permeable to Ca2+ that belongs to the TRPP subfamily of TRP
cation channels (TRPP2, reviewed in (30). The last five transmembrane spans in PC2 bear a
strong TRP channel signature and the region between S5 and S6 (transmembrane segments 5
and 6) contains the putative pore region (Fig 1) (24). The cytoplasmic tail of PC2 contains a
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Ca2+ binding EF-hand (31);(4) and a coiled coil domain responsible for numerous protein-
protein interactions (31;32);(33). Mammalian PC2 has at least one phosphorylation site in its
C-tail that modulates the Ca2+ dependence of channel activity (34) and has been suggested to
have a role in trafficking of PC2 between ER, Golgi and plasma membrane compartments
(35). PC1 and PC2 interact through their respective C-termini (33;36;37) (Fig 1). The
interaction depends on the integrity of the coiled coil domain in the C-terminus of PC1 and has
led to the hypothesis that PC1 may serve as a receptor that controls the channel activity of PC2
as part of the polycystin signaling complex.

MOLECULAR MECHANISMS OF CYST FORMATION IN ADPKD
Early microdissection studies of ADPKD kidneys indicated that cysts initially appear as focal
lesions in kidney tubules that otherwise appear to be normal along most of their length (38).
A molecular explanation for the focal nature of cyst formation in the setting of heterozygous
germline mutations came with the discovery that cyst lining cells from human ADPKD cysts
have loss of heterozygosity (LOH) in the chromosomal regions of the respective PKD genes
in both the kidney (39–42) and liver (43). These findings implicated a cellular recessive
mechanism for cyst formation in ADPKD and suggested the possibility that the observed
intrafamilial variation in disease severity may at least in part be determined by variation in the
timing and number of somatic `second hit' mutations in individual family members (44). The
causal relationship between `second hit' mutations and cyst formation in adult kidneys was
validated in a mouse model expressing a modified Pkd2 allele (Pkd2WS25) that expresses
functional PC2 but is prone to genomic rearrangement leading to somatic loss of PC2 (45).

Alternative mechanisms of cyst formation also exist and the relative importance of these in
human clinical disease remains to be determined. Cyst formation resulting from trans-
heterozygous somatic mutations involving PKD1 and PKD2 have also been proposed (46;
47). However, trans-heterozygous mutations alone are unlikely to be sufficient for cyst
formation. Individuals with bilineal inheritance of PKD1 and PKD2 mutations (16) and trans-
heterozygous mice (48) show more severe polycystic kidney disease, but the overall severity
is within the range consistent with additive effects of single gene mutations. Recent evidence
indicates that significant reduction of functional PC1 expression below a critical threshold level
is sufficient to result in cyst formation in some situations (Fig. 2) (18;49;50). A unique chimeric
animal model produced by mosaic embryos combining Pkd1−/− cells with wild type cells
formed kidney cysts with severity proportionate to the degree of Pkd1−/− contribution to the
mosaic animal (51). Interestingly, the cysts were mosaic with both Pkd1−/− and wild type cells
in the early stages, but over time, the Pkd1−/− cells replaced the wild type cells by inducing
apoptosis. These data suggest the possibility that cellular loss of PC1 produces cyst formation
both by expansion of the null cell mass and by induction of programmed cell death in
surrounding normal cells.

More recently the conditional Cre-lox system has been used to bypass the embryonic lethality
of null mice and inactivate genes of interest in a tissue selective or temporally controlled manner
(49;50;52;53). Temporally controlled inactivation of Pkd1 has shown that the timing of gene
inactivation impacts the rate of cyst growth (54;55) Inactivation of Pkd1 in the developing
kidney results in rapid cyst growth while inactivation in the adult kidney results in markedly
slower cyst growth (Fig. 3) (54;55). A developmentally regulated change in the gene expression
profile of the kidney coincides with the differential effect of Pkd1 loss on cyst formation
(55). The underlying proliferative potential of the cells as a function of developmental stage
may account for part of the difference in the rate of cyst formation (53). This is supported by
the finding that regenerating tubules after ischemia reperfusion injury have an increased rate
of cyst formation (56–58). Factors such as the timing of gene inactivation, the degree of
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inactivation of the protein product and the presence of other forms of renal injury are likely to
contribute to the severity of ADPKD in individuals.

CILIA AND ADPKD
Several lines of complementary evidence led to the emergence of cilia as central to the
pathogenesis of ADPKD. The PC1 ortholog in C.elegans is localized to cilia (59). Mutations
in genes associated with situs inversus, a known cilial phenotype, are associated with polycystic
kidneys (60). Mutations in genes encoding intraflagellar transport (IFT) proteins required for
cilia structure are also associated with polycystic kidneys (61). The subsequent demonstration
of PC2 and PC1 localization to primary cilia of renal epithelia (62;63) solidified the hypothesis
that cilia have a role in the pathogenesis of ADPKD. Further support of the cilia link with
ADPKD came with the discovery that Pkd2−/− mice have defects in left-right axis formation
(64) through a lateralized calcium signal at the left margin of the embryonic node during
mammalian development (65). A prospective study selectively inactivating Kif3a, a component
of the kinesin-2 motor complex required for cilia maintenance, in the kidney resulted in cyst
formation further supporting the role of intact cilia in polycystic diseases (66).

While there is a clear connection between PKD and dysfunction of ciliary proteins, the precise
nature of this relationship is not completely understood. There is general agreement that PC1
and PC2 are localized to primary cilia (62;63) but several other cellular locations have been
identified for each protein (Fig. 4). For example, PC1 has been localized to cell-cell junctions
and both apical and basolateral membranes (67). PC2 is a resident ER protein (29). Many of
the other proteins localized to the primary cilium are also found in additional sub-cellular
locations— e.g., kinesin-2 serves as an anterograde motor for more than just the primary cilium.
In light of these complexities, the determination of the relative contributions from these various
sites of action to the polycystic phenotype has remained imprecise. It is thought that cilia in
renal epithelia may function as sensory organelles with the polycystins possibly acting as a
receptor/channel complex and localized calcium influx acting as a second messenger. The
nature of the stimuli to which this complex responds remains a matter of investigation. The
cilium and PC1/PC2 have been proposed to respond to flow-dependent mechanosensory
stimuli (68). This hypothesis must be tempered by the finding that inactivation of Pkd1 or an
essential IFT gene, tg737 (IFT88), in adult mice does not result in cyst formation until months
after deletion of either gene (54;55). The prolonged delay between gene inactivation and the
onset of cystic change is difficult to understand if the role of the PC1/PC2 receptor-channel
complex is to signal in response to a continuous and dynamic process like luminal flow.
Another recent study suggests that PC2 utilizes TRPV4, another TRP protein, to form a
mechanosensitive calcium channel in the cilium (69). Inactivation of TRPV4 in either zebrafish
or mice does not result in renal cystic disease further calling into question the role of the primary
cilium as a mechanosensor for flow as a signal to regulate luminal diameter. Homologs of PC1
and PC2 have been shown to form receptor channel complexes acting as sour taste receptors
(70), raising the possibility that PC1/PC2 may also respond to ligand mediated events. A
combined mechanism of flow-dependent delivery of a ligand remains an intriguing hypothesis.

CELLULAR PATHWAYS ASSOCIATED WITH ADPKD
There have been a number of approaches used to define the functional connection between
disease gene and disease phenotype. As detailed above, a good deal of progress in identifying
polycystic disease genes and suggesting the importance of cilia in these disorders has been
achieved through genetic approaches. The challenges that remain, center on understanding the
in vivo functions of the polycystins at the cellular and molecular level. Several factors
complicate this undertaking. First, PKD is a disease of three dimensional organ structure and
as such, the applicability of in vitro cell-based models remains uncertain. Without clearly
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defined stimuli such as ligands that are typically used in functional studies of other receptor
complexes, assessing cellular responses specific to polycystins remains a challenge. Second,
cilia are not readily tractable as a cellular compartment limiting the ability to discover novel
pathways specifically operational in this minute cellular space. This has led to bias in
investigational focus on establishing a cilia connection for a number of previously known
cellular pathways. Finally, it has been challenging to convincingly define larger multiprotein
complexes beyond PC1 and PC2. This difficulty stems from a number of factors including the
possibility that the partners differ based on different cellular location of the polycystins and
complexes specific to a minor compartment like the cilia will be hard to discover given the
quantitative challenge. The fact that the most proximate signal to the PC1/PC2 complex may
be calcium rather than direct protein interaction further compounds this problem. Here we
present some of the cellular pathways that have been implicated in polycystin-related functions.

Intracellular calcium, secretion and cAMP
The role of PC2 as a calcium channel and of PC1 as a receptor regulating its activity has led
to a focus on calcium in the cellular ADPKD phenotype. Direct assessment of any calcium
effects in the cilia compartment has been limited, but studies examining total cellular calcium
have provided some insights. As a member of the TRP family of ion channel proteins
abundantly expressed in the ER, functional studies showed that PC2 over-expression enhances
the release of Ca2+ from intracellular stores (71). PC2 associates with a number of Ca2+ channel
proteins (TRPC1 and TRPV4) and homo-multimerizes with itself via its C-terminus (36;69;
72;73). In keeping with its putative role in regulating cellular Ca2+ homeostasis via intracellular
Ca2+ pools, PC2 interacts directly with the inositol 1,4,5-trisphosphate receptor (IP3R) (74)
regulates the activity of the ryanodine receptor through direct interaction (75) and has its own
activity regulated by association with syntaxin-5 (76). Overexpression of PC1 also appears to
modulate the properties of intracellular Ca2+ stores by inhibiting capacitative Ca2+ entry and
rate of Ca2+ re-uptake by the endoplasmic reticulum (77). While the interdependence of PC2
and PC1 in these process and the significance these effects on intracellular Ca2+ homeostasis
in the pathophysiology of cystic disease remains to be determined, these studies do lend support
to the hypothesis that the polycystins impact a physiologically critical second messenger
pathway that may influence a broad array of cellular functions.

Several studies report that cAMP levels are elevated in cyst epithelial cells and furthermore
that cAMP stimulates cyst fluid and electrolyte secretion (78;79). CFTR has been proposed as
the apical chloride channel responsible for driving fluid secretion, providing a possible
molecular explanation for cAMP's pro-secretory effects (80;81). A report that small-molecule
inhibitors of CFTR reduced cyst growth in a murine model of PKD (82) support a role for
CFTR in cyst growth. In vivo genetic studies combining CFTR and PKD mutant mice have
not been reported. Whether CFTR is the sole channel responsible for fluid secretion in cysts
is uncertain since CFTR does not appear to be expressed in all cysts (83). The reasons for the
high cytosolic cAMP concentrations in cyst cells is not well understood. It is possible that the
perturbations in cytosolic Ca2+ levels may in part account for dysregulation of cAMP in cyst
cells. The polycystin proteins may directly or indirectly alter the activities of G-protein coupled
receptors that signal through cAMP. Expression and activity of the V2 vasopressin receptor,
for example, is elevated in a number of animal models of PKD (78;84). This fact is being
exploited through the development of V2 receptor antagonists as potential therapeutic agents
that can potentially slow or prevent cyst fluid accumulation by reducing cytosolic cAMP levels
(84;85).

Mitogen activated protein kinase/extracellular regulated kinase
The mitogen activated protein kinase/extracellular regulated kinase (MAPK/ERK) cascade
couples extracellular signals received by a variety of surface receptors, through the activation
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of small G-proteins and the involvement of a variety of adaptors, to the successive
phosphorylation of Raf, MEK and MAP kinase/ERK. Activated MAPK/ERK can modulate
protein translation and can enter the nucleus to regulate the activities of transcription factors
and the cell cycle. Activation of the MAPK/ERK pathway occurs in cell culture based models
of ADPKD (86;87) as well as in vivo mouse models of the disease (53). ERK activation
observed in cultured ADPKD patient cyst-derived cells has been attributed to cAMP-dependent
activation of B-Raf (86;87). Inhibition of the MAPK/ERK cascade has slowed cyst formation
in a murine cystic model based on a gene for human nephronophthisis (88) but the MEK1/2
inhibitor U0126 failed to alter the course of ADPKD in a conditional Pkd1 gene inactivation
model (53). In light of the observations that the MAPK/ERK cascade is active in a variety of
cell and animal models of PKD, the MAPK/ERK cascade kinases may be potential targets for
future therapies in ADPKD.

mTOR
The mTOR (mammalian target of rapamycin) protein is a kinase whose activation leads to
increased protein translation and cell growth. The mTOR pathway is stimulated by cell surface
receptors that signal through PI3 kinase to activate the AKT kinase. Activated AKT
phosphorylates the tuberous sclerosis complex (TSC), composed of the TSC1 and TSC2
proteins (hamartin and tuberin). It is interesting to note that the TSC2/tuberin gene lies close
to the PKD1 gene on chromosome 16 and occasionally results in a contiguous gene deletion
syndrome manifesting severe ADPKD and features of TSC as well. Support for link between
the mTOR pathway and ADPKD is provided by studies demonstrating that downstream
effectors of the mTOR pathway are inappropriately activated in cyst lining cells (89).
Administration of rapamycin in rodent models of PKD has slowed cyst development suggesting
the possibility that inappropriate activation of the mTOR pathway is associated with or in part
responsible for the excessive proliferation of renal epithelial cells that characterizes PKD
(89–91). Recent evidence suggests that PC-1 inhibits the mTOR pathway in a Tsc2-dependent
manner and thereby regulates cell size as well (92). Taken together, these data suggest that
under normal circumstances the PC1 exerts an inhibitory influence on the strength of mTOR
signaling. This pathway represents another potential target for therapy in ADPKD.

Wnt
Oriented cell division (OCD) is controlled by the planar cell polarity (PCP) pathway through
non-canonical Wnt signaling (93). Several lines of evidence support the role of oriented cell
division in shaping tissues (94) and a role for loss of OCD in cyst formation has been proposed
(Fig. 5) (95;96). The elongating nephron of the developing kidney shows significant cellular
proliferation yet the tubules grow in a longitudinal direction without an appreciable increase
in cross section (95). The mitotic spindles during this tubular elongation phase appear to orient
along the long axis of the tubule and cell division takes place in this orientation. Loss of OCD
occurs prior to cyst formation in two cystic animal models, Hnf1β deficient mice and the pck
rat (orthologous ARPKD model (95) Consistent with these findings, disruption of the PCP-
related protocadherin Fat4 results in tubular cysts in kidney development, a process further
exacerbated by reduction in the dose of the core PCP gene, Vangl2 (97). Recent data suggests
a more complex view of PCP processes in the kidney. During tubular condensation in the
earliest stages of kidney development, convergent extension movements, not OCD, seem to
drive establishment of tissue polarity (98). A mouse model with a hypomorphic ARPKD gene
mutation shows similar loss of OCD but never develops cysts, suggesting that loss of OCD is
not sufficient for cyst formation (99). Conversely, Pkd1 and Pkd2 mouse models that develop
cystic kidneys have normal OCD in pre-cystic tubules but lose this property as the tubules start
to dilate (99). Loss of OCD is a marker for dysregulated PCP activity and some cystic disease
genes (e.g., Pkhd1) may impact PCP phenotypes, but loss of OCD may not be a direct cause
of cystic expansion. Further studies will likely serve to resolve some of these issues.
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While PCP uses components of the non-canonical Wnt signaling pathway, the role of the
canonical Wnt pathway is more compelling in ADPKD. The canonical Wnt pathway functions
through β-catenin and controls cell proliferation and differentiation during development
(100). The canonical Wnt pathway actively regulates the availability of β-catenin for nuclear
translocation. Evidence for a role of canonical Wnt signaling in PKD comes from studies
showing that transgenic expression of constitutively active β-catenin or kidney-specific
inactivation of the APC gene results in cyst formation (98;101;102). The direct connection
between ADPKD and canonical Wnt signaling remains speculative since conflicting reports
state in one case that the C-terminus of PC1 acts as an activator of β-catenin transcription
(103) whereas a more recent study implicates the C-terminal tail of PC1 as an inhibitor of β-
catenin-TCF mediated transcription (27). Taken together, it appears that Wnt signaling
constitutes a plausible downstream effecter mechanism for some aspects of PKD and that the
balance between canonical and non-canonical signaling may be a factor (104) but it is unlikely
that this mechanism uniformly underlies all manifestations of these diseases.

CONCLUDING REMARKS
The discovery of the genes and their respective proteins that are associated with ADPKD has
revolutionized the field of PKD biology. They have provided the means for determining how
mutations cause disease, yielded the tools for studying the proteins' functions in cell culture
systems, and led to the development of preclinical models useful for understanding the
pathophysiology of disease and for testing potential therapies. Important questions remain,
however. We must yet explain the molecular details that link ciliary dysfunction to renal cystic
disease. We must establish an unambiguous “chain of evidence” that directly links PC1 and
PC2 through their various downstream signaling pathways to the cellular processes that
regulate tubular morphology. We must determine whether the PC1/PC2 complex really
functions as a mechanosensor or whether it is modulated by more classical ligand binding
events. If it is a mechanosensor, is it primarily responding to flow at the primary cilium or is
it sensing forces between cells or cells and matrix as well? Or is the complex a sensor for
something else? Are the instances of divergence in PC1 and PC2 phenotypes, as in left-right
axis determination, indicative of promiscuity in functional interacting partners for either
protein? We must also work backwards from the cystic phenotype through the many pathogenic
steps that result from mutation of PKD genes to identify potential therapeutic targets. What is
the nature of the relationship between proliferation and cyst formation and is this a step that
can be safely targeted in humans? What accounts for the delayed cystic transformation that
results from loss of Pkd1 in adult tissues?

We have made great progress since the first identification of PKD1 15 years ago and the ground
work is laid for important discoveries in the future. These studies hold great promise that the
future will bring profound mechanistic understanding and effective treatment.
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Figure 1. Structures of polycystin-1 and polycystin-2
Thick green line represents the membrane bilayer. The protein motifs are identified in the boxed
figure legend. Light blue and green cylinders represent putative transmembrane segments.
Structures are not drawn to scale.
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Figure 2. Threshold model of cyst formation in ADPKD
This model is based on the hypothesis that a critical level of PKD1 and PKD2 functional activity
is required to form and maintain tubule structure (solid red line). In this model, a cyst forms
when the combined activity of two alleles falls below the specific threshold for an individual
cell. The requisite threshold may be vary based on a combination of factors such as genetic
variants at modifier loci, environmental effects, the developmental stage of the kidney, or
physiologic demands such as in response to injury (dashed red lines). The actual of level of
activity achieved is determined by the specific combination of allelic variants in a gene, e.g.,
PKD1. In this example, three different wild type variant alleles (WT1–WT3) have their own
unique set of polymorphisms that impact PKD1 activity with WT1 having the greatest activity.
Combinations of wild type alleles with each other or with a null allele provide sufficient activity
to avert cyst growth (leftmost three columns). Mutant alleles have less activity than the wild
type variants. These range from complete loss of function (Null) to missense mutations with
reduced activity (Miss, Miss-1, Miss-2). Individuals who inherit any of these hypomorphic,
reduced function, allele haplotypes through the germline may acquire somatic mutations in
individual cells (rightmost six columns) that in combination may fall below cell-specific
threshold levels of activity and lead to cyst formation. In the illustration, Null/Null and Null/
Miss-2 allele combinations will invariably result in cysts, whereas Miss/Miss-1 will never result
in cysts with the other combinations having different effects depending on the actual cellular
thresholds. This model also applies to PKD2.
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Figure 3. Phenotypic response to acquired Pkd1 loss is exquisitely sensitive to developmental life
stage
A, Kidneys of Pkd1cond/cond;tamoxifen-Cre+ mice with inactivation of Pkd1 induced at
postnatal day 12 (P12) became cystic within 3 weeks (left panel), whereas if Pkd1 inactivation
occurs at P14, they remained normal 3 months later (right panel) [from (55)]. B,C, Pkd1
inactivation in adult kidneys results in late-onset renal cystic disease. Kidneys from
Pkd1cond/cond;tamoxifen-Cre+ mice harvested 3 months (B) or 6 months (C) after Pkd1
inactivation was induced at 6 weeks of age [from (55)].
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Figure 4. Subcellular localization of “cystoproteins”
Numerous proteins associated with cystic kidneys (“cystoproteins”) localize to the primary
cilium and basal body complex but are also found in other intracellular compartments. AJ,
adherens junction; BB, basal body; Cen, centriole; ER, endoplasmic reticulum; FAP, focal
adhesion plaque; TJ, tight junction. [Adapted from (67) and Menezes and Germino, Methods
in Cell Biology 94: 273–297, 2009].
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Figure 5. Planar cell polarity and tubular morphogenesis
Planar cell polarity may help to establish normal tubular architecture through directional cell
division (top left) and convergent extension/directional cell migration (bottom left). Disruption
of these processes could potentially result in cyst formation (right). [Adapted from (96) and
Menezes and Germino, Methods in Cell Biology 94: 273–297, 2009].
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Table 1

Summary of ADPKD gene and protein characteristics.

PKD1 PKD2

Mutations in ADPKD
families 85% 15%

Mean age of onset ESRD 53 years 69 years

Gene characteristics
Chromosome 16q13.3
46 exons
gene size, ~45 kb
spliced transcript, ~12.9 kb

Chromosome 4q21–23
15 exons
gene size, ~50 kb
spliced transcript, ~3.5 kb

Protein characteristics

Polycystin 1 (PC1)
4302 amino acids
11 transmembrane domains
Receptor-like protein
Undergoes proteolytic cleavage

Polycystin 2 (PC2; TRPP2)
968 amino acids
6 transmemebrane domains
Homology to TRP channels

Subcellular localization Cilia, cell junctions, apical and
basolateral plasma membrane

Cilia, endoplasmic reticulum, plasma
membrane

Function Receptor Cation channel
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