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Polycystic Kidney Disease (PKD)

“Every one of us was once a cyst – a blastocyst”. Jared J. Grantham (1)

Polycystic kidney diseases are characterized by the presence of fluid-filled renal cysts as 

well as cysts in other epithelial organs (2–4). PKD patients exhibit progressive cyst 

formation and massive renal enlargement that often leads to end- stage renal disease (ESRD) 

(5). Normal adult human kidneys make up about one half of one percent of a person’s total 

body weight. In contrast, a PKD patient who underwent bilateral nephrectomy after reaching 

ESRD had a total kidney weight of 22kg, or about twenty percent of their body weight (6). 

While normal renal tubules are approximately 40µm in diameter, renal tubules in a PKD 

patient enlarge to form cysts that measure centimeters in diameter (7). Remarkably, cysts as 

large as 5 cms have been reported in PKD patients (8). PKD is inherited as an autosomal 

dominant (ADPKD) or an autosomal recessive (ARPKD) trait (2, 9).

Autosomal Recessive Polycystic Kidney Disease (ARPKD)

ARPKD has an incidence rate of 1 in 20,000 live births (10–11) and affects primarily 

neonates and children (2). ARPKD fetuses present with severe polycystis kidneys, biliary 

tract defects and oligohydramnios. Approximately half of the ARPKD neonates die shortly 

after birth due to respiratory insufficiency caused by pulmonary hypoplasia. In surviving 

patients, morbidity and mortality are mainly caused by systemic hypertension, renal 

dysfunction and portal hypertension that results from portal-tract hyperplasia and fibrosis 

(12). Cysts in these patients develop in utero and some transient proximal tubular cysts are 

seen during early feal development. However, the major manifestation is seen as fusiform 

dilatation of the collecting ducts (2). In ARPKD, cysts are attched and do not separate from 

the parental tubules (13).

Mutations in a single gene, PKHD1, which encodes a transmembrane protein known as 

fibrocystin or polyductin causes ARPKD. Fibrocystin/polyductin is present in cortical and 

medullary collecting ducts and biliary ducts, and the subcellular localization of the protein 
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include basolateral plasma membrane, primary cilia, and the centrosome in renal epithelial 

cells (12–13). Fibrocystin/polyductin is thought to mediate terminal differentiation of the 

renal collecting ducts and intrahepatic biliary ducts (12).

Autosomal Dominant Polycystic Kidney Disease (ADPKD)

ADPKD is one of the most common hereditary disorders in humans. It has an incidence of 1 

in 500 to 1 in 1000 individuals, and occurs both in children and adults (2). Although 

ADPKD occurs more frequently than other prominent genetic disorders - it is 10 times more 

common than sickle cell anemia, 15 times more common than cystic fibrosis, and 20 times 

more common than Huntington’s disease – it does not receive the same attention as these 

other diseases. ADPKD is a systemic disorder which can have an adult as well as in utero 

onset (14–16). Extra renal manifestations in ADPKD include cysts in other epithelial organs 

such as liver and pancreas. ADPKD patients also show connective tissue defects such as 

intracranial aneurysms, cardiac valve abnormalities, aortic dissection and abdominal wall 

hernias (17–18). Hypertension is a very common symptom in ADPKD patients which often 

precedes the biochemical and clinical manifestations of the disease (19). In addition to 

hypertension, other variables associated with a more rapid progression to ESRD include 

younger age at diagnosis, male gender, increased left ventricular mass, and three or more 

pregnancies (15, 20–21). Progressive loss of renal function is seen in ADPKD patients (9, 

13). Renal enlargement in these patients leads to the displacement of other organs and with 

considerable renal enlargement, ADPKD patients look chronically pregnant. These patients 

account for approximately 10% of ESRD cases (9, 13). ADPKD is also the fourth leading 

cause of ESRD requiring dialysis and transplantation in the U.S. (16, 22). Medicare costs for 

treating ESRD in ADPKD patients were found to exceed $200 million per year according to 

a report in 1993 (14).

ADPKD genes

ADPKD is genetically heterozygous. Mutations in either of two genes, PKD1 or PKD2, 

cause ADPKD. Mutations in the PKD1 gene, which is located on chromosome 16p13.3, 

cause ADPKD in 85% of ADPKD patients. The remaining 15% patients with ADPKD have 

mutations in the PKD2 gene, which is located on chromosome 4q21–23 (2, 23). While it 

was previously postulated that there might be a third gene associated with ADPKD, since 

some patients did not show linkage to either the PKD1 or PKD2 genes, a re-evaluation of 

the families in question showed there was linkage to PKD1 or PKD2 (23–25). Identical renal 

and extrarenal manifestations are seen in patients with PKD1 or PKD2 mutations. However, 

PKD2 patients show a later onset, have longer renal survival, and present fewer 

complications, compared to PKD1 patients (2).

The PKD1 gene is a very large gene and has 46 exons within a 52 kb genomic DNA. A 

region in the PKD1 gene that spans from exons 1 to 33 is duplicated at six other sites on the 

same chromosome, making mutation analysis of the PKD1 gene difficult (2). The PKD1 

gene has some unusual structural features such as high GC content and multiple simple 

repeats. In addition, there is a 2.5kb polypyrimidine tract in intron 21 that may interfere with 

its replication, transcription, and RNA processing (13). The PKD2 gene is comparatively 
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smaller than the PKD1 gene and is 25% homologous to a region of the PKD1 gene (2). 

Screening of the ADPKD population has resulted in the identification of 864 PKD1 and 139 

PKD2 germ-line mutations to date (pkdb.mayo.edu). Most of these mutations produce 

truncated protein products due to nonsense changes, splicing defects, frame-shift deletion or 

frame-shift insertions. However, some missense and in-frame mutations have also been 

described (24). The protein products of the PKD1 and PKD2 genes are collectively called 

polycystins.

ADPKD- a developmental disorder

In most ADPKD patients renal dysfunction does not become apparent until the fourth or the 

fifth decade of life. However, there is increasing evidence suggesting that cystogenesis 

occurs as early as in utero in these patients. Even with an ultrasound detection threshold of 

>7.0mm, cysts have been detected at birth in ADPKD patients (26). Cysts have also been 

detected in stillborn fetuses, live born babies immediately after birth, and in infants (27). 

Moreover, a study measuring the growth rates of individual cysts in adult ADPKD patients 

suggests that cysts detected in newborn patients must have grown at vigorous rates in utero 

and at slower rates thereafter (26, 28).

Mammalian kidney development

The nephron, the functional unit of the excretory system in vertebrates, has similar 

characteristic features in lower vertebrates as in higher vertebrates, such as mammals (29). 

As it develops, the mammalian kidney goes through three spatially and temporally different 

stages known as the pronephros, the mesonephros, and the metanephros (29–32). The 

mammalian kidney is derived from the intermediate mesoderm (IM), which lies between the 

axial and the lateral plate mesoderm (33–34). The different stages of mammalian kidney 

development in a mouse embryo are shown in Figure 1. The first step in mammalian kidney 

development, the primary nephric duct, also known as the Wolffian duct or the pronephric 

duct, arises from the IM and grows in the rostral to caudal direction (33, 35). The elongating 

pronephric duct induces the formation of two sets of tubules in the adjacent undifferentiated 

mesoderm. In the mouse embryo, these inductive events take place at embryonic day 8 (E8) 

and E10 to produce the pronephros and the mesonephros, respectively. Both of these 

structures are transient in mice and humans (35). In humans, the pronephros can be seen by 

E22 and the mesonephros by E24 (31). The pronephric tubules are rudimentary structures 

and do not have any functional role in the mouse embryo. However, the caudal mesonephric 

tubules are well developed with glomeruli and convoluted proximal tubule-like structures 

and serve as transient filtration units that empty into the nephric duct (33–35). The 

mesonephros degenerates as the metanephric kidneys form in mammals (33).

The functional kidney in adult mammals, the metanephros, forms at the posterior end of the 

IM (34). An outgrowth of the primary nephric duct called ureteric bud (UB) extends into a 

specialized surrounding region of the IM known as the metanephric mesenchyme (MM). 

The MM contains the progenitor cells of nephrons, the functional units of the adult kidney. 

In the mouse embryo, at E10.5, the MM also provides inductive signals for the primary 

nephric duct to evaginate and to form the UB at its caudal end. The epithelial cells of the UB 
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invade the MM and undergo branching morphogenesis to generate the collecting system of 

the kidneys. At the same time, mesenchymal cells from the MM, aggregate around the tips 

of the newly formed UB branches and begin a mesenchyme-to-epithelial conversion (MET). 

This process generates the nephron epithelia and is therefore called nephrogenesis (33, 36). 

During nephrogenesis, the mesenchymal aggregates that form around the UB, called cap 

mesenchyme, go through three different stages known as the polarized renal vesicle, the 

comma-shaped body, and the S-shaped body. One end of the renal vesicle remains in contact 

with the UB epithelium and two clefts are formed in the renal vesicle, one after the other, to 

form the comma and the S-shaped bodies, respectively. The distal end of the S-shaped body 

that remained in contact with the UB fuses with it to form a single, continuous epithelial 

tubule. Subsequently, endothelial cells invade the more proximal cleft in the S-shaped body 

and form the glomerular tuft. The ureteric bud branches continuously, inducing new 

nephrons along the radial axis of the kidney. By virtue of this process, the oldest nephrons 

are found close to the medullary region while the youngest nephrons are located more 

peripherally in the nephrogenic zone in a developing kidney (33). In the mouse embryo, 

metanephric induction starts at E10.5 and nephrogenesis continues until a week after birth 

(34, 37). In humans, the metanephros develops at around E35 to E37 (31). The stages of 

nephrogenesis are shown in figure 2.

The molecular signals underpinning the development of the kidney have been the subject of 

intense investigation. For the purposes of this review, we will focus on the signals involved 

in the development of the metanephros, the permanent kidney in mammals. As described 

above, the metanephros begins to form when an outgrowth of the nephric duct, called the 

ureteric bud, makes contact with an undifferentiated patch of mesenchymal cells, called the 

metanephric mesenchyme. The induction of ureteric bud growth is induced by the 

interaction of glial cell derived neurotrophic factor (gdnf), secreted by the metanephric 

mesenchyme, with the tyrosine kinase receptor c-ret, and its co-receptor Gfrα1 (38). c-ret 

and Gfrα1 are expressed along the length of the nephric duct prior to induction by gdnf. As 

development proceeds, this expression becomes restricted to the caudal portion of the duct. 

The relationship between gdnf and c-ret was further established experimentally. When a 

local source of gdnf is placed near the nephric duct, ectopic ureteric buds are induced to 

form and grow towards the source (39). The ability of gdnf to induce ectopic buds is 

restricted by signaling between the receptor Robo2 and its ligand Slit2, and by the 

transcription factor Foxc1 in metanephric mesenchyme (40–41). The expression of Slit2 is 

inverse to the expression of gdnf, suggesting that reduced Robo2 signaling permits gdnf 

expression (40). Within the nephric duct, an inhibitor of receptor tyrosine kinases, called 

Sprouty, inhibits ret-gdnf signaling, preventing ectopic UB formation (42–43). BMP4 is 

expressed in the mesenchymal cells surrounding the nephric duct where it functions to 

inhibit gdnf, further preventing the induction of multiple ureteric buds (44). The BMP4 

antagonist Gremlin1 is expressed in the mesenchyme, permitting a narrow avenue of gdnf 

between the metanephric mesenchyme and the nephric duct regulating the point of ureteric 

bud outgrowth (44). Together, these factors precisely regulate the interaction of the ureteric 

bud with the metanephric mesenchyme ensuring that only a single ureter develops.

While the ureteric bud develops into the collecting duct system, the nephron proper arises 

from the cap mesenchyme. A number of transcription factors have been identified that 
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function in the establishment and survival of the metanephric mesenchyme. These include 

Wt1, Pax2, Eya1, Sall1, and the three Hox11 paralogues (Hoxa11, Hoxc11, and Hoxd11) 

(45–47). Following the induction of mesenchymal condensation, a population of self-

renewing cells is formed that are the stem cells of the nephron. These cells give rise to the 

epithelial cells that will form the glomerulus, proximal and distal tubules, and the loop of 

Henle. A host of signaling molecules and transcription factors have been identified that 

regulate the progression through an orderly sequence of developmental stages that can be 

recognized morphologically. These stages are the renal vesicle (stage I), comma and S-

shaped bodies (stage II), developing capillary loop (stage III), and maturing glomerulus 

(stage IV). Several excellent reviews describing the molecular mechanisms regulating this 

process are available (38, 48–49).

Polycystins

Polycystin-1 (PC1), the protein product of the PKD1 gene, is an integral membrane protein 

with a large extracellular N-terminal domain (~3000 amino acids), eleven transmembrane 

domains (~1000 amino acids), and a C-terminal cytosolic domain of about 200–225 amino 

acids (2, 50). The extracellular domain of PC1 contains a region that is homologous to a sea 

urchin protein, receptor for egg jelly, or REJ. Regulation of ion transport in sea urchin sperm 

involves the REJ module of the REJ protein. Likewise, the REJ domain in PC1 is thought to 

be involved in ion transport (51). The PC1 extracellular domain also contains several other 

domains such as leucine-rich repeats (LRRs), a C-type lectin domain, an LDL-A region, and 

multiple Ig-like domains or PKD domains, all of which are implicated in cell-cell or cell-

matrix interactions (2, 13, 16, 52).

The first cytoplasmic loop of PC1 contains a lipoxygenase domain (PLAT domain named 

after polycystin-1, lipoxygenase and alpha toxin), which is essentially a β-sandwich domain. 

PLAT domains are usually involved in protein-protein or protein-lipid interactions and in 

PC1, the presence of a PLAT domain may indicate its interaction with other proteins (53).

The cytoplasmic tail of PC1 is found to bind heterotrimeric G proteins in vitro, activate the 

AP-1 transcription factor, and take part in the regulation of Wnt signaling (54). The 

cytoplasmic tail contains a coiled-coil domain with which it interacts with polycystin-2 

(PC2) (13). A sequence motif that is rich in proline, glutamic acid, serine and threonine 

(PEST), which facilitates ubiquitin-mediated degradation, is also seen in the PC1 C-tail (55). 

In addition, the PC1 C-tail contains two stretches of basic amino acid residues that make up 

a putative nuclear localization sequence (NLS) (56).

PC1 is present on the plasma membrane at focal adhesions, desmosomes, tight junctions and 

adherens junctions, and also in the shaft and basal body of primary cilia (2, 23, 57). PC1 is 

also found in urinary exosomes, which are small vesicles (50–100nm) secreted by the renal 

epithelial cells into urine. Normal urine shows the presence of thousands of proteins, most of 

which are packaged into exosomes and thereafter shed into the urine. These exosomes are 

products of the multivesicular body sorting pathway (MVB). The MVB-sorting pathway 

consists of the endocytosis of the integral membrane proteins to form endosomes, fusion of 

these endosomes with the MVB, and finally fusion of the MVB with the apical plasma 
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membrane releasing exosomes. Hogan et al reported the presence of PC1 and Polycystin 2 

(PC2) in urinary exosomes that can interact with renal primary cilia (58–59) http://

dir.nhlbi.nih.gov/papers/lkem/exosome/).

PC2, the protein encoded by the PKD2 gene, is also a membrane-associated protein with six 

transmembrane domains and cytoplasmic N- and C- terminal domains. PC2, also known as 

TRPP2, is a member of the family of transient receptor potential (TRP) ion channels. It is a 

non-selective cation channel permeable to Ca2+, Na+ and K+ ions. The level of intracellular 

calcium modulates the channel activity of PC2. PC2 is insensitive to two other ligand-gated 

calcium channels, IP3 receptors and ryanodine receptors, and is proposed to be a third class 

of calcium release channels in addition to the other two. PC2 has been shown to form 

heteromeric channels with two other TRP family members, TRPC1 and TRPV4 (57, 60).

PC2 is found on the apical and basolateral plasma membrane, endoplasmic reticulum, Golgi, 

shaft and basal bodies of the primary cilia, and in urinary exosomes (13, 23, 57). The 

trafficking of PC2 among the ER, Golgi, and plasma membrane is modulated by the 

phosphorylation of an acidic cluster present on its C-terminal tail by casein kinase II (57). 

Most of the cellular pool of PC2 is found in the intracellular compartments where it 

modulates the release of calcium from intracellular stores. There are at least two cytoplasmic 

domains in PC2, one in the N-terminus and the other in the C-terminus that contribute to the 

oligomerization of PC2. The C-terminus of PC2 contains a coiled coil domain with which it 

interacts with PC1, an EF hand characteristic of calcium binding proteins, and an ER 

retention signal that localizes PC2 to the ER and Golgi compartments (55).

Expression of polycystins during kidney development and in ADPKD

The expression pattern of the polycystins in the developing human fetal kidneys between the 

gestational ages of 13–40 weeks has been described. PC1 and PC2 are weakly expressed in 

early nephrogenic precursors such as comma and S-shaped bodies. Weak, but detectable 

expression of the polycystins was also seen in the proximal and distal branches of the 

ureteric bud (35, 55). Maturing proximal and distal tubules and collecting ducts showed a 

marked level of expression of the polycystins. While proximal tubules sustain polycystin 

expression until 28 weeks of gestation, both cortical and medullary collecting ducts maintain 

expression until 40 weeks of gestation. Analysis of the adult human kidneys also showed a 

weak expression pattern of polycystins in the proximal tubules. Continued expression and 

colocalization of PC1and PC2 were seen in the medullary collecting ducts (61).

Similar to the expression profile of PC1 in humans, murine PC1 was also widely expressed 

in the kidneys and other organs such as brain, liver, pancreas, small intestine, lung and heart 

(62). Developing kidneys showed the weakest expression of PC1 in the ureteric bud tips, 

suggesting that PC1 may not be required for nephrogenic induction. The UB derivatives, 

including the collecting ducts, papillary ducts and renal pelvis showed a strong expression of 

PC1 during later developmental stages. This tubular expression of PC1 continued after birth 

and was maintained until the third week postnatally, after which PC1 expression became 

undetectable (62). The absence of PC1 expression in the earliest stages of the developing 
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collecting duct is consistent with the late onset of cystic disease in the Pkd1 knockout mouse 

models (discussed later in this review).

The murine embryonic ectoderm and endoderm showed the presence of PC2 as early as 

embryonic day 6. PC2 was widely expressed in the embryonic stages while the expression 

became more restricted after birth. By E12.5, the metanephric UB showed low-intensity 

staining for PC2. The developing proximal tubules showed a weaker staining while the 

distal tubules strongly expressed PC2 by E15.5. Medullary collecting ducts showed the 

expression of PC2 by postnatal day 14 (63).

Ward CJ et al described the expression pattern of PC1 in adult human tissues, in ADPKD 

kidneys and also in a polycystic liver (52). Quantification of PC1 expression in adult human 

tissues showed the highest PC1 expression was in the brain, the lowest was in the thymus, 

and an intermediate level of expression was found in the kidneys. This extensive expression 

of PC1 in a variety of tissues may explain the systemic nature of the disease. When 

analyzed, end-stage ADPKD kidneys and ADPKD polycystic livers, showed an 

approximately 2-fold increase in PC1 mRNA compared to normal kidneys and livers (52).

How do cysts form in ADPKD?

Cysts form as small dilations in renal tubules, which then expand to form fluid-filled cavities 

of different sizes. Factors that are thought to lead to cystogenesis include a germ-line 

mutation in one of the polycystin gene alleles, a somatic second hit which leads to the loss 

of the normal allele, and a third hit, which can be anything that triggers cell proliferation, 

leading to the dilation of the tubules. Continued dilation of the tubules through increased cell 

proliferation, fluid secretion, and separation from the parental tubule will lead to the 

formation of cysts. Other factors that are involved in cystogenesis and/or cyst progression 

include defective planar cell polarity, extracellular matrix abnormalities, inflammation, 

increased apoptosis, modifying genes, and environmental factors (2, 57).

There is controversy in the PKD field about some factors such as increased cell proliferation 

and defective planar polarity. The debate is whether they initiate cyst formation, or just 

assist in growing existing cysts. Recently, defective planar cell polarity was ruled out as an 

initiating mechanism for cystogenesis (discussed in detail below). Germ-line mutations that 

cause ADPKD are discussed above. Other mechanisms that cause and/or promote 

cystogenesis are discussed below.

The two-hit or second-hit model for cystogenesis

Microdissection studies on ADPKD kidneys revealed a focal nature for cyst formation in 

patients. Even though each human kidney is composed of about a million nephrons, cysts in 

ADPKD patients were derived from only a comparatively few nephrons (~1000). All of the 

cells, including all renal tubular cells, in ADPKD patients carry a germ-line mutation in one 

of the alleles of the polycystin genes. If the germ-line mutation by itself can cause 

cystogenesis, all these cells should develop cysts. However, cysts develop only in a fraction 

of these cells. A second-hit theory was proposed to explain this phenomenon (64–66). This 

theory states that in addition to the germ-line mutation in one of the PKD1 or PKD2 alleles, 
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a somatic mutation must occur in the second normal allele leading to the complete loss of 

function of the polycystins causing cyst formation. Cultured epithelial cells from the cysts of 

ADPKD patients showed a loss of heterozygosity in two closely linked polymorphic 

markers located within the PKD1 gene in a subset of cysts (64). Further genetic analysis also 

confirmed the loss of the normal haplotype in this subset of cysts, thus favoring the second 

hit hypothesis (64).

Insights from mouse models

A number of animal models have been described for ADPKD. A Pkd1 knockout mouse 

model (Pkd1del34) was developed by homologous recombination strategy leading to a 

frameshift mutation in exon 33 of the Pkd1 gene. Kidneys from the Pkd1del34 homozygous 

mice developed normally until E14.5. Cystic dilations were noted in the proximal tubules at 

E15.5, which was followed by cysts crowding the entire medulla and most of the cortex in 

the mice, which survived to term. These results are consistent with the expression pattern of 

murine PC1, which is barely detectable in the ureteric bud tips and the early stages of 

nephrogenesis, but peaks at E15.5 in the more mature ureteric bud derivatives, including the 

collecting ducts, papillary ducts, and renal pelvis. This shows the probable role of 

polycystins in tubular elongation and maintenance of tubular architecture, rather than in 

nephron formation. Pancreatic duct dilations and hypoplastic lungs were some extrarenal 

manifestation seen in the Pkd1del34 mice (67). A Pkd2 knockout mouse model was also 

developed by gene targeting the Pkd2 locus. Similar to the Pkd1 knockout mice, the Pkd2−/

− mice also showed normal kidney development until E14.5. Cysts began to form in the 

maturing kidneys by E15.5, and most of these mice died embryonically beginning at E16.5. 

Similar to PC1, these results suggest that PC2 is not required for nephrogenesis but required 

for the proper maintenance and subsequent elongation of the nephron segments. Extrarenal 

manifestations, such as cardiac defects and pancreatic duct dilations, were also seen in these 

mice (68). The knockout mouse models show that the loss of both alleles of either the Pkd1 

or Pkd2 genes is sufficient to cause PKD, validating the two-hit hypothesis in animal 

studies. However, analysis of transgenic mice persistently expressing Pkd1, which also 

developed PKD, raises questions of whether the loss of both Pkd alleles is necessary (69–

70). Another mouse model, expressing a hypomorphic Pkd1 gene also developed PKD (71). 

Recently, a hypomorphic mutation was identified in consanguineous families showing a 

relatively mild cystic disease in individuals who were homozygous for the mutation, a mis-

sense R3277C variant in PKD1 (72). These individuals did not progress to end stage renal 

disease until the sixth or seventh decade. Moreover, adult relatives who were heterozygous 

for the mutation only had a few cysts. A mouse model carrying the same mutation has been 

generated that exhibits a slowly progressing disease as a homozygote. When combined with 

a null Pkd1 allele, the disease becomes rapidly progressive (73). These results suggest that 

dysregulation of polycystins leads to cystogenesis, rather than their loss or overexpression 

per se. These results suggest that the dysregulation of polycystins leads to cystogenesis, 

rather than their loss or overexpression per se (72–74).
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A critical window for cystogenesis

A study by Piontek et al, using an inducible Pkd1 mouse model in which Pkd1 was 

inactivated at different time points during and after renal development, has shed some light 

into the mechanism of cystogenesis (75). When Pkd1 was inactivated in mice at postnatal 

day 2 (P2), a time when cortical nephrogenesis is still ongoing, the mice developed severely 

cystic kidneys within 2 weeks. It was noted that the renal cortex in these cystic mice did not 

have any dysplastic or immature structures, further suggesting that Pkd1 is not required for 

the initial stages of nephrogenesis. However, when the Pkd1 gene was inactivated in mice at 

3 and 6 weeks of age, these mice did not develop PKD until approximately 5 to 6 months of 

age. In order to dissect out this time dependent phenotypic difference in cystogenesis, the 

Pkd1 gene was inactivated at several time points between P2 and P21. Mice that had the 

Pkd1 gene inactivated at P12 or before, developed severe PKD within 3 weeks. In contrast, 

inactivation of Pkd1 in mice between P14 and P21 induced a late cystic phenotype at ~ 6 

months of age. A microarray analysis comparing differences in gene expression in normal 

kidneys between the ages of P11 and P15 revealed significant differences between P11–P12 

and P14–P15. Most of the genes that were differentially expressed were clustered into 

transporter and catalytic functions. In contrast, cell proliferation rates were relatively high at 

both P12–P14 in normal control kidneys, while proliferation was reduced by P16–P19. 

These results suggested that the rate of cyst development in these animals depended more 

upon the state of differentiation of the kidneys at the time point when Pkd1 is inactivated 

than the rate of cell proliferation. Moreover, the dramatic differences in cyst progression 

suggest that different pathways may be altered at these different time points leading to rapid 

cystogenesis at earlier time points of Pkd1 inactivation and slower cystogenesis at later time 

points of Pkd1 inactivation (75).

A recent report from Grantham et al followed the diameter, volume, and growth rates of 

cysts in eight ADPKD patients for 3 years. All of these patients had normal renal function as 

measured by their glomerular filtration rates (GFR). The rate of individual cyst growth in 

these patients ranged between 2.2 and 71.1 percent per year. An adult collecting duct tubule 

varies in diameter from 40µm to 100µm as demonstrated by microdissection studies, with 

fetal collecting ducts likely being smaller than this. Most of the cysts in ADPKD begin in 

utero in collecting ducts and cysts as big as 10mm in diameter or larger have been detected 

in ADPKD children who are as young as 1 year old. The authors questioned how fast the 

cysts needed to grow in order to reach a size detectable by the imaging techniques (2–

10mm). For a tubule as big as 100µm in diameter, the growth rate should be 20%/year to 

grow into a cyst of 2mm in diameter. Even though these numbers could be justified in an 

adult patient, it would not account for those 2mm cysts that can be detected in ADPKD 

children, and suggests that renal cysts that are formed in fetal life must grow at a much 

faster rate in order to reach the detection threshold of the imaging techniques (26). The 

mouse model in which Pkd1 was inactivated between P2 and P12, which developed a rapid 

cystic disease, show that cystogenesis and growth were sensitive to the developmental 

factors that dissipate shortly after birth. Inactivation of the Pkd1 gene after this critical time 

window resulted in PKD that progressed at a much slower pace. In mice, nephrogenesis and 

tubular elongation continues until about two weeks of age, corresponding to the window of 
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time where they develop rapid cystic disease. In contrast, in humans, nephrogenesis ceases 

at approximately 34 weeks of gestation. Thus, renal cysts that are detectable by imaging 

techniques at birth or in young children with ADPKD, likely progress at a high rate during 

fetal development, and thereafter, cyst expansion may proceed at a slower rate (26, 75).

Third hit

A more recent hypothesis that has emerged in the ADPKD field is the third hit for 

cystogenesis. This hypothesis is built upon the second hit hypothesis. The study by Piontek 

et al, described above, showed that late inactivation of the Pkd1 gene in adult kidneys 

resulted in a slow onset of cystogenesis in mice (75). Lantinga-van Leeuwen et al and 

Takakura et al also generated inducible Pkd1 mouse models in which they inactivated the 

Pkd1 gene in mature mouse kidneys (76, 77). Takakura et al argued that the slow onset of 

PKD when the Pkd1 gene was inactivated in adult animals could not be justified by the 

second hit hypothesis and proposed a third hit hypothesis. In a follow-up study the same 

group showed that renal injury resulting from unilateral ischemia reperfusion injury 

accelerated PKD in the adult inducible Pkd1 knockout mouse model (78). The third hit 

theory states that a cell may not be cystogenic just because it received the first hit (germ-line 

mutation) and the second hit (somatic inactivation of the normal allele), but that it also 

requires an additional event that leads to cell proliferation and cyst growth. Recent studies 

showing that nephrotoxic injury and ischemia induce rapid cyst growth when cystic 

mutations are induced in adult animals support this idea (79–81). A similar pattern of 

phenotype as seen in the inducible Pkd1 knockout models was observed when genes 

required for primary cilia formation were inactivated in developing or adult kidneys. Patel et 

al described a study using an inducible mouse model to knockout the Kif3a gene, which is 

required for cilia formation. While Kif3a inactivation and hence the loss of cilia at P2 led to 

PKD, inactivation of Kif3a at P10, P14 or P21 did not yield cystic disease when these mice 

were examined 2 months after gene inactivation (83). The inducible knockout of the Ift88 

gene in adult kidneys also led to a slow onset cystic disease. More recently, another third hit, 

unilateral nephrectomy, was added to the list (79). Unilateral nephrectomy leads to the 

hypertrophy of the existing kidney and an increase in glomerular filtration rate as it 

compensates for the loss of the other kidney. As described above, mice that lost renal cilia 

(as a result of Ift88 inactivation) in the adult kidney did not develop cystic kidneys until after 

6 months. However, inactivation Ift88 in 8 week-old mice, followed by unilateral 

nephrectomy 1 week later, resulted in severe cystic kidney disease in the contralateral 

kidney by 3 months of age. Activation of the mTOR (mammalian target of rapamycin) 

pathway was also observed in these mice, which has been previously documented in 

association with unilateral nephrectomy-induced hypertrophy. Activation of the mTOR 

pathway in these mice also led to increased cell proliferation could explain the rapid onset of 

cystic disease compared to that of non-nephrectomized control mice (79). However, 

increased cell proliferation alone was unable to induce rapid cystogenesis in the absence of 

nephrectomy (84).
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ADPKD is a Ciliopathy

ADPKD, together with many other diseases that present with renal cysts, was inducted into 

a family of diseases known as ciliopathies (85). This came after the discovery that many 

cystoproteins that cause renal cysts localize to the once disregarded organelle, the non-

motile primary cilia. Primary cilia are sensory organelles that protrude from the center of 

epithelial cells (86). They grow out from the basal bodies or centrosomes and are 

microtubule-based structures. Primary cilia are highly conserved in evolution and are used to 

detect a wide variety of physical and chemical stimuli that are of mechanical, photonic, 

olfactory, or hormonal nature (87).

The association between cilia and PKD was first discovered when mutations in Tg737, 

responsible for renal cystic disease in the orpk mouse model of PKD, showed stunted 

primary cilia in their renal epithelial cells. The orthologue of Tg737 in Chlamydomonas, 

IFT88, is required for intraflagellar transport and assembly of motile cilia. Subsequently it 

was shown that polycystins and fibrocystins also localize to the primary cilia. Other diseases 

such as nephronophthisis (NPHP), Bardet-Biedl syndrome (BBS), and Orofaciodigital 

syndrome, also present with renal cysts and the protein products of these genes all localize 

to the cilia, basal bodies, or centrosomes. In fact, the protein products of all the genes that 

cause renal cystic diseases in humans, mice, and zebrafish localize to the primary cilia, basal 

bodies, or centrosomes, placing primary cilia at the center of cystic kidney diseases. 

However, since the cystoproteins also localize to many other sub-cellular locations, a ciliary 

defect alone cannot be attributed as a primary defect in these diseases. Nevertheless, the 

systemic nature of different types of PKDs, BBS, and NPHP favors the ciliary hypothesis 

because of the presence of cilia in many of the organs affected (85, 87).

Polycystins as mechanosensors

Renal tubular epithelial cells, including all the segments of the nephron and the collecting 

ducts, with the exception of intercalated cells, show the presence of a single primary apical 

cilium (15). Fluid flow in renal tubular cells bends the primary cilia on their surface. PC1, 

which is present on these cilia, is thought to sense the flow with its large extracellular 

domains, activating the associated PC2 calcium channels. This allows a calcium influx 

which results in a calcium induced calcium release from other intracellular Ca2+ stores, 

leading to various genetic changes in cells (Figure 4 B) (23, 88).

A flow-Ca2+ imaging system was used to test the functionality of PC1 on primary cilia. 

Mouse embryonic kidney cells responded to fluid flow at a rate comparable to the 

physiological urine flow rate. However, Pkd1 null cells failed to respond to fluid flow rates 

higher or lower than those detected by wild type cells, confirming that PC1 is required to 

detect fluid flow. Moreover, atomic force microscopy studies revealed that the PKD 

domains on PC1 exhibit remarkable mechanical strength further supporting the 

mechanosensory function of PC1 (57).
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Channel activity of polycystins

The last six transmembrane domains of PC1 share significant sequence homology with the 

domains of Na+ and Ca2+ channels and TRP channels (60). However, by itself PC1 cannot 

form ion channels since PC1 overexpression alone does not yield any measurable channel 

activity (57).

In contrast, in response to local increases in intracellular calcium, PC2 releases calcium from 

intracellular stores. The loop between the fifth and the sixth transmembrane domains of PC2 

are involved in the calcium conducting activity. The third transmembrane of PC2 is also 

involved, at least partially, in this process. In addition to its direct involvement in calcium 

induced calcium release, PC2 also indirectly regulates calcium by interacting with two 

intracellular calcium channels. PC2 inhibits ryanodine receptor mediated calcium release by 

binding to the channel in its open state, thereby decreasing its conductance. Direct binding 

between the C terminus of PC2 and IP3R (inositol 1,4, 5-triphosphate receptor) modifies 

IP-3 induced calcium flux (55).

An interaction between PC1 and PC2 generates a functional ion channel. It is not certain 

whether this is through the activation of PC2’s intrinsic channel properties, or from the 

formation of a functional complex between these two proteins (55). Because of the calcium 

channel activity of polycystins, genetic mutations in any of the polycystins disrupt 

intracellular calcium regulation leading to abnormal proliferation. The steady-state 

intracellular calcium levels have been measured in normal and ADPKD kidney cell cultures 

where it was found that calcium levels in ADPKD cells were 20nM lower compared to the 

normal renal cells (89).

Other functions of polycystins

PC1 found on the plasma membrane may interact with PC2 present on the adjacent 

endoplasmic reticulum (23). PC1 may also act as a receptor for a ligand yet to be identified. 

Upon receiving a stimulus, PC1 may signal to the interior of the cell by its interaction with 

PC2 on the plasma membrane. This signaling event can result in the activation of calcium 

channels, an increase in cytoplasmic calcium which leads to exocytosis, and changes in gene 

expression (Figure 1–4 A) (2).

Cellular signaling pathways modulated by the polycystins can be broadly classified into 

three categories: G- protein activation, growth regulation and Wnt pathway modulation (55).

G-protein activation

PC1 functions as a G-protein coupled receptor (GPCR) which can regulate cell proliferation, 

fluid secretion, cell polarity and differentiation (Figure 1–3 C and D) (2). PC1 contains 

sequences that are found in GPCRs. These include a proteolytic site domain and a polybasic 

domain found in its C-terminal tail that has been shown to activate Gi/G0 proteins in vitro. 

However, PC1 is an atypical GPCR since it has 11 transmembrane domains compared to the 

7 transmembrane domains typically found in GPCRs. Regulator of G-protein signaling 7 

(RGS7), a member of a family of proteins capable of accelerating the hydrolysis of GTP 
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bound to the Gα subunit of G-proteins, was shown as a candidate modifier gene in a mouse 

model of PKD. Moreover, PC1 has also been shown to bind and stabilize RGS7 thereby 

regulating G-protein signaling (50).

Downstream signaling through GPCRs can lead to the activation of c-Jun N-terminal kinase 

(JNK) and activator protein-1 (AP-1) pathways. Arnould et al demonstrated the activation of 

the JNK/AP-1 pathway via the PC1 C-terminal tail. Several components such as protein 

kinase C α (PKC α) and small G proteins such as Cdc42 and Rac1 were involved in 

mediating this signal (90). Parnell et al showed that the activation of JNK/AP-1 pathway is 

mediated by signaling through Gα and Gβγ subunits. The JNK/AP-1 pathway controls 

various cellular processes such as cell cycle regulation, cell growth, differentiation, 

apoptosis and inflammation. In Drosophila, JNK signaling is involved in the developmental 

regulation of planar polarity, epidermal adhesion and integrity (50). Many of these pathways 

controlled by JNK/AP-1 are also involved in the pathogenesis of PKD. Moreover, the 

activity of the AP-1 components ATF-2, c-jun, and c-fos, were increased in ADPKD 

patients as well as in a hypomorphic Pkd1 mouse model, further suggesting the involvement 

of JNK/AP-1 pathway in PKD pathogenesis (91).

Additional support for PC1 signaling through G-proteins comes from PC1 activation of 

phospholipase C (PLC) mediated by the Gαq and the subsequent activation of the 

calcineurin/NFAT (nuclear factor of activated T-cells) pathway. Signaling through this 

pathway also connects the function of polycystins as regulators of intracellular calcium 

levels. Exogenous expression of the PC1 C tail domain results in an increase in calcium 

level in a reaction requiring PLC β. This intracellular increase in calcium leads to the 

activation of calcineurin, a serine-threonine phosphatase that dephosphorylates NFAT. 

Activated NFAT translocates to the nucleus and regulates target genes at composite NFAT/

AP-1 elements. In addition to the evidence for PC1 mediating NFAT activation, NFAT is 

co-expressed with PC1 in renal tubular epithelial cells of developing and adult mice, 

suggesting that NFAT and PC1 may work together in a pathway (92).

Growth regulation

In accordance with the cell proliferation defects seen in PKD, PC1 and PC2 are directly 

involved in regulating the cell cycle (93). The mechanisms utilized by PC1/PC2 include 

signaling through the JAK-STAT pathway (94). Signaling through this pathway leads to the 

activation of STAT1 and STAT3, subsequent upregulation of the cyclin-dependent kinase 

inhibitor (CKI) p21, and the inhibition of cyclin dependent kinase 2 (CDK2) which 

ultimately leads to cell cycle arrest at the G0/G1 transition (Figure 1–4 G) (2, 95–96).

Additional evidence for a direct role of polycystins in cell cycle regulation was shown by the 

direct interaction of PC2 with the helix-loop-helix (HLH) protein Id2, which regulates cell 

proliferation and differentiation. Phosphorylation of PC2 by PC1 leads to its interaction with 

Id2. Id2 is found in a complex with another HLH protein, E47, which transcriptionally 

activates p21. Id2 lacks a nuclear localization signal and can be transported to the nucleus 

only through its interaction with other proteins, such as E47. The interaction of the Id2-E47 

complex with PC2 sequesters this complex outside the nucleus. When PC2 is unable to bind 
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to this complex, Id2 is translocated to the nucleus and exerts its dominant negative effects on 

E47 and other HLH proteins. In this manner, the normal expression of PC1 and PC2 leads to 

cell cycle arrest by an increase in p21 while a mutation in one of the polycystins leads to the 

dysregulation of this pathway resulting in increased cell proliferation (97).

There are three proteolytic cleavage sites seen in PC1. PC1 undergoes partial cleavage at the 

extracellular GPS domain, although the N- and C-termini of the protein remain non-

covalently linked. A missense mutation at the GPS domain, which makes it non-cleavable, 

causes ADPKD in patients. Moreover, a mutant PC1 that cannot undergo GPS cleavage was 

unable to rescue PC1-null cultured cells or transgenic mice. This suggests the requirement 

for PC1 cleavage at the N-terminal GPS domain to be fully functional. However, not all PC1 

molecules in a cell are cleaved. Rather, they exist in a heterogeneous population of full 

length and GPS cleaved isoforms (13, 55).

In addition to the GPS cleavage site, cleavage of PC1 at the C-terminal tail (CTT) releasing 

a soluble ~ 35kD fragment has been described (56). This C-terminal cleavage suggests that 

PC1 may be involved in successive cleavage events, similar to that of the regulated 

intramembrane proteolysis (RIP) pathway. In the RIP model, described for various cell 

surface receptors such as Notch, APP, E-cadherin, ErbB4 and CD44, the cytoplasmic 

segment of a transmembrane protein enters the nucleus after its activation and modulates 

gene expression, bypassing adaptor proteins and kinase/phosphatase cascades (56). 

Consistent with this idea it was shown that the nuclear translocation of the PC1 CTT leads to 

the activation of the AP-1 pathway (56). PC2 seems to keep the PC1 CTT from entering the 

nucleus since co-transfection experiments using full length PC2 and PC1 CTT constructs led 

to the retention of PC1 CTT outside the nucleus and a reduction in AP-1 activity. PC2 must 

also interact with PC1 CTT for it to exert its inhibitory effect on PC1 since co-transfection 

experiments with a mutant PC2, which could not interact with PC1 and the PC1 CTT, only 

minimally reduced AP-1 activity. Unilateral ureteral ligation (leading to a reduction in fluid 

flow) and inactivation of Kif3a (resulting in the loss of the mechanosensor cilia where 

polycystins are localized) in mice led to an increase in the nuclear translocation of PC1 

CTT. These results showed that PC1 CTT cleavage and nuclear translocation are associated 

with the mechanosensory effects of cilia. A reduction in fluid flow or loss of fluid flow 

sensitivity in renal epithelial cells can lead to an accumulation of PC1 CTT in the nucleus 

and transcription of its target genes (56). With its long extracellular domain, PC1 is thought 

to detect fluid flow in renal epithelial cells and PC2 has an inhibitory effect on the 

translocation of PC1 CTT. Hence, mutations in any of the polycystins can render renal 

epithelial cells insensitive to fluid flow and lead to the increased transcription of target 

genes.

A more distal cleavage in the C-terminal domain of PC1 which generates a ~14–17kDa CTT 

fragment has been described by Low et al (98). This PC1 CTT fragment, which we will call 

PC1 CTT14, interacts with P100, a coactivator protein. The P100 protein has also been 

localized to the shaft and the basal bodies of renal cilia where PC1 is also found. P100 is 

overexpressed in the cyst-ling cells of ADPKD patients. The PC1 CTT14 fragment, together 

with P100, binds to the transcription factor STAT6 and leads to an enhancement of STAT6 

dependent transcription. STAT6 is localized to the nucleus in MDCK and renal epithelial 
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cells. However, subjecting MDCK cells to a constant flow of fluid (similar to the fluid flow 

in renal tubules) results in a translocation of STAT6 from the nucleus to the primary cilia. 

Moreover, high levels of nuclear STAT6 are seen in the cyst-lining cells of ADPKD 

patients, indicating that STAT6 dependent gene expression is upregulated in ADPKD (94, 

99). Under normal fluid flow conditions PC1 keeps STAT6 sequestered to the cilia together 

with P100 preventing the transcription of P100/STAT6 genes. “No flow” conditions lead to 

the cleavage of the PC1 tail and the PC1 CTT14 fragment translocates to the nucleus with 

P100 and STAT6 to mediate gene transcription. No flow conditions have been observed in 

renal injury as well as in the cysts of PKD. Dilated tubules in PKD also show decreased of 

fluid flow (98).

A recent observation by Talbot et al shows the mechanism by which PC1 regulates STAT 

activity. Membrane anchored PC1 tail activates STAT3, however, activation of STAT1 and 

STAT6 requires the soluble PC1 tail as well as a previous activation of these STATs by 

cytokine signaling. The activation of STATs by PC1 after cytokine signaling is referred to as 

co-activation. STAT3, in addition to being activated by membrane-anchored PC1, can also 

be co-activated by the soluble PC1 tail. The co-activation process can lead to an exaggerated 

cytokine response. STAT3 activity is highly upregulated in ADPKD and PKD mouse 

models while it is downregulated in normal renal epithelial cells after differentiation (94, 

100).

The mTOR pathway, which regulates protein translation, cell proliferation, and cell growth, 

has been shown as a target for PC1. Shillingford et al showed that PC1 C-terminal tail 

interacts with tuberin, the protein product of the TSC2 gene (101). Mutations in TSC2 lead 

to tuberous sclerosis, which is characterized by the presence of hamartomas in multiple 

organs and renal cysts. Tuberin regulates the kinase activity of mTOR through a small 

GTPase, Rheb. Activated mTOR phosphorylates and activates its downstream effectors - 

S6K1, S6K2 (ribosomal kinases), and 4E-BP1 and 4E-BP2 (eukaryotic initiation factor 4E-

binding proteins) that lead to the stimulation of protein synthesis and proliferation. 

Shillingford et al also provided evidence for the increased activity of the mTOR pathway in 

the cyst-lining epithelial cells of ADPKD patients by showing an increase in activated 

phosphorylated mTOR and S6 kinase. Moreover, rapamycin, an immunosuppressant drug 

that is also a specific inhibitor of the mTOR pathway, was able to alleviate the cystic 

phenotype in two different PKD mouse models. These mouse models, and a rat PKD model 

in which mTOR inhibition also slowed the progression of PKD, did not have a primary 

mutation in polycystin genes. This suggests that activation of the mTOR pathway is 

common to all renal cystic diseases, despite their primary germ-line mutation (101–104).

PC1 also regulates mTOR activity by altering the subcellular localization of tuberin (102). 

Suppression of mTOR by tuberin takes place only when tuberin is tethered to the membrane. 

Phosphorylation of tuberin by PI3K/AKT leads to its binding to the 14-3-3 adaptor protein, 

which in turn leads to the partitioning of tuberin to the cytosol, making it unavailable to bind 

with Rheb and its activating partner, TSC1. In the presence of a functional membrane bound 

PC1 C-terminal tail, phosphorylation of tuberin by PI3K/AKT is inhibited and TSC2 

becomes tethered to the membrane, repressing mTOR signaling. In the absence of a 

functional PC1, as in most cases of ADPKD, the mTOR pathway is activated (101–102).
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Wnt pathway modulation

The Wnt signaling pathway, which is involved in embryonic induction, the generation of 

cell polarity, the regulation of cell proliferation, and the specification of cell fate, is also 

regulated by PC1. Wnts are secreted glycoproteins and canonical Wnt signaling regulates 

the cellular levels of a multifunctional polypeptide, β-catenin. The presence of Wnt ligands 

leads to the stabilization, accumulation, and nuclear translocation of soluble β-catenin. 

Secreted Wnts accomplish this by binding to frizzled receptors on the cell surface, activating 

disheveled proteins and inhibiting glycogen synthase kinase (GSK-3β). Once inhibited, 

GSK-3 can no longer target β-catenin for proteasomal degradation, and this leads to the 

accumulation and nuclear translocation of β-catenin. Inside the nucleus, β-catenin interacts 

with the TCF/LEF family of transcription factors to regulate gene expression (55, 105–106).

The expression of a stabilized β-catenin in renal tubular cells leads to PKD in animals (107). 

Moreover, microarray analysis has shown evidence for the activation of Wnt signaling in the 

cyst-lining cells of ADPKD patients (106). Experiments performed to demonstrate Wnt 

modulation by the PC1 C tail have produced contradictory results. In contrast to 

experimental results showing that the PC1 C tail activates canonical Wnt signaling (105), a 

more recent report suggests that the PC1 tail physically associates with β-catenin and acts as 

an inhibitor of intracellular Wnt signaling (106). PC1 exerts this inhibitory effect on Wnt 

signaling pathway by reducing the apparent affinity of the interaction between β-catenin and 

TCF. The inhibitory effect of the PC1 CTT on canonical Wnt signaling is consistent with the 

observation that the overexpression of c-Myc, a β-catenin/TCF regulated oncogene, induces 

a renal cystic phenotype in transgenic mice, and c-Myc is overexpressed in ADPKD and 

several other renal cystic diseases (106). The disparity between these results has been 

attributed to the use of a membrane anchored PC1 CTT in the early report (105) compared 

to the use of a soluble PC1 CTT in the latter study (106).

Finally, the deletion of PC2 results in an increase in β-catenin protein levels. However, it is 

not certain whether this effect is mediated directly by the inactivation of PC2 or through an 

indirect effect that PC2 might have on PC1 (55). Although these results suggest that the 

dysregulation of canonical Wnt signaling contribute to the pathogenesis of PKD, a recent 

study calls into question the importance of canonical Wnt signaling in the pathogenesis of 

PKD. Miller et al, using TCF-beta-catenin/lacZ reporter mice crossed with Pkd1 and Pkd2 

mutant mice, reported a complete absence of Wnt signaling in the cysts of these mouse 

models (108).

One of the non-canonical Wnt signaling pathways, the planar cell polarity pathway, has also 

been implicated in PKD. Renal tubular cells generally divide parallel to the tubule axis. This 

oriented cell division (OCD) leads to the lengthening of the tubules rather than increasing its 

diameter. Loss of OCD leads to the division of cells at an angle leading to an expansion of 

tubule diameter. Defects in OCD have been reported in several mouse models of PKD (83, 

109). Inversin, the gene mutated in nephronophthisis type II (a disease characterized by 

renal cysts) was shown to act as a switch between canonical and non-canonical Wnt 

signaling (110). While Miller et al suggest that canonical Wnt signaling may not be 
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important for the pathogenesis of PKD, a disruption in the switch between canonical and 

non-canonical Wnt signaling could be involved in cystogenesis (108).

Cell proliferation and fluid secretion

Epithelial cell proliferation and fluid secretion are two hallmark features in ADPKD (111). 

Even the gross inspection of polycystic kidneys show an increased epithelial cell 

proliferation phenotype evidenced by the increase in the circumference of the kidney tubules 

that form cysts. Renal tubules normally fall within a range of a few micrometers in diameter. 

However, in ADPKD, renal tubules considerably increase in size so as to fall within a size 

range of millimeters to centimeters when they become cysts. Microscopic examination of 

polycystic kidneys shows the presence of large numbers of cells in the cyst wall epithelium 

(112). Several growth-stimulating factors such as epidermal growth factor (EGF), 

transforming growth factor α (TGF α), and the EGF receptor (EGFR) promote cell 

proliferation in PKD. Overexpression and mislocalization of EGFR to the apical side of the 

cystic epithelium has been reported in several animal models and in human PKD patients. 

Transgenic animals overexpressing TGF α also developed PKD (13).

An important factor which leads to the proliferative phenotype in ADPKD is the second 

messenger adenosine 3’, 5’ cyclic monophosphate (cAMP). cAMP is an intracellular 

mediator of adenylyl cyclase signaling and has been shown to stimulate proliferation of cyst-

lining cells isolated from human ADPKD kidneys. The mammalian kidney is a target of 

several hormones such as arginine vasopressin (AVP), parathyroid hormone, secretin, and 

vasoactive intestinal peptide as well as of autacoids such as prostaglandins and adenosine, 

all of which lead to the elevation of the intracellular concentration of cAMP. In normal 

human kidneys, cAMP stimulation leads to a non-mitogenic response. However, ADPKD 

kidneys show a proliferative response to cAMP stimulation. Moreover, normal human 

kidney (NHK) cells behave like ADPKD cells with a cAMP stimulatory phenotype when 

treated with calcium channel blockers. In contrast, the mitogenic response to cAMP was 

reversed in ADPKD cells when they were treated with calcium channel activators or calcium 

ionophores. Additional studies have shown that cAMP mediates its effect in PKD cells by 

activating the B-Raf/MEK/ERK pathway (23, 88, 113–115).

During the early stages of cystogenesis, cysts are attached to their parental renal tubules and 

a derivative of the glomerular filtrate enters the cysts. Once these cysts expand to 

approximately 2mm in diameter, the cyst closes off from its parental tubule and after that 

fluid can only enter the cysts through transepithelial secretion. A transporter present in the 

basolateral membrane of cyst-lining cells, the Na-K-2Cl transporter NKCC1, mediates the 

entry of chloride into the cytoplasm. A chloride transporter present on the apical membrane 

of cystic epithelial cells, the cystic fibrosis transmembrane conductance regulator (CFTR), 

mediates the entry of chloride into the cyst lumen (1, 13). The activity of CFTR increases in 

ADPKD possibly due to secondary effects from the increased concentration of cAMP (1). It 

has also been shown that patients who have both cystic fibrosis, and therefore a mutation in 

CFTR, and PKD have a milder cystic disease (116).
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Other molecular abnormalities in ADPKD

An increase in apoptotic DNA fragmentation and in-situ labeling of apoptotic cells was 

described in PKD patients and in two mouse models of PKD. Apoptotic cells were present 

in both cystic and non-cystic tubules as well as in glomeruli. The progressive loss of renal 

function seen in PKD may be explained by this increase in apoptosis. Moreover, 

homozygous deletion of the anti-apoptotic gene, Bcl2, results in PKD in mice (9, 117). The 

loss of Bcl2 also results in increased cell proliferation, which may also contribute to 

cystogenesis (118). ADPKD tissues have also shown an increase in the expression of c-Myc. 

Moreover, kidney specific overexpression of c-Myc in mice results in renal cysts 

characterized by both an increase in proliferation and apoptosis (13, 119).

Abnormalities in the innate immune system

Abnormalities in the innate immune system are another hallmark feature in both ADPKD 

and ARPKD. In ADPKD, the accelerated production of monocyte chemotactic protein-1 

(MCP-1) leads to an increase in mononuclear cells in the renal parenchyma. Increased 

urinary excretion of MCP-1 can be detected in the early stages of cystic disease in ADPKD 

patients, indicating that the immune system pathway is disregulated early in the disease 

process. Recent studies have shown activated macrophages surrounding cysts in both 

ADPKD and ARPKD patients (120–121). Moreover, depletion of macrophages in both Pkd1 

and cpk mouse models of polycystic kidney disease reduced cyst progression, demonstrating 

a role for activated macrophages in cyst growth and disease progression (120–121). Analysis 

of the cpk mouse model, which resembles human ARPKD, showed that ~ 60 monocyte/

macrophage markers were overexpressed in cpk mice, and genome wide transcription 

profiling in the cpk mouse model and a rat model of PKD, Han:SPRD, showed an 

overexpression of macrophage markers and other innate immune factors. The expression 

pattern of one of these overexpressed macrophage markers, CD14, was analyzed in cpk 

mice, as well as in ADPKD and ARPKD patients. In the cpk mice, CD14 expression 

increased with increasing age in controls, however, there was a significant increase in cystic 

kidneys compared to age-matched littermate controls. While the number of CD14 positive 

mononuclear cells could not account for the increase in CD14 expression, histological 

analysis revealed CD14 in the proximal tubules and principal cells of collecting ducts, and in 

the cysts derived from these segments. Although CD14 is a membrane-anchored receptor, 

once activated, soluble CD14 can be shed from the membrane. Both ARPKD and ADPKD 

patients showed an abnormal increase in the shedding of CD14. In ADPKD kidneys, these 

shed soluble forms of CD14 were washed out into the urine, where they may be an indicator 

of PKD progression (122–123).

CD14 is a potent stimulator of TNFα secretion, which can lead to a cystogenic pathway. The 

shed form of CD14 is also a mediator for renal endotoxin-induced tubulointerstitial injury. 

An injury related CD14 overexpression is also seen in renal ischemia reperfusion injury 

models. CD14 is a major ligand for Toll-like receptor-4 (TLR4), through which it may 

transactivate cystogenic pathways. The Wnt pathway, the AP-1 pathway, and the PI3K 

pathway are all modulated by TLR4, and these pathways have also been linked to cyst 

formation (122).
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Abnormalities in extracellular matrix (ECM)

PC1 has been shown to be associated with the ECM components and is thought to have a 

role in cell-extracellular matrix interactions. Perhaps because of this role, alterations in the 

tubular basement membrane (TBM) including its thickening, splitting, fraying and multi-

layering have been seen in human PKD. Cystic kidneys from several animal models of PKD 

also show BM abnormalities, including thickened and laminated basement membranes, as 

well as increased expression of α1 type IV collagen and laminins β1 and β2 (124). A 

hypomorphic laminin α5 mouse model has also been shown to develop PKD. Speculation of 

PC1 working as a receptor for extracellular matrix molecules and its expression in the 

basolateral surfaces may explain the PKD phenotype seen in the hypomorphic laminin α5 

mutant. Moreover, recombinant PC1 peptides have also been shown to bind laminin in vitro. 

Increased EGF expression, an abnormality observed in PKD, may also be indirectly 

involved in modulating the effects of laminin since many of the laminin chains consists of 

multiple EGF- like repeats, some of which even bind to the EGF receptor signaling 

downstream via this pathway (125).

Other matricellular proteins that have been shown to contribute to cyst progression include 

periostin (126–127). Perisotin is highly expressed in cells isolated from both ADPKD and 

ARPKD patients, where it contributes to cell proliferation and fibrosis (126). Moreover, 

deletion of perisotin in pcy/pcy mice reduced mTOR activity, suggesting a periostin-ILK-

AKT-mTOR signaling pathway that contributes to disease progression (127).

Abnormalities in mechanosensation

Polycystins, by virtue of their location on the primary cilia of renal epithelial cells, are 

thought to play a role in mechanosensation. In response to fluid flow and bending of the 

cilia, polycystins present on the cilia mediate the entry of calcium into cells. Pkd1−/− renal 

epithelial cells have normal primary cilia, but lack the flow-induced calcium response of 

normal cells (88). Mutations in any of the polycystins, as it occurs in ADPKD, lead to 

abnormalities in the fluid-flow sensing mechanism, which may contribute to cyst 

development. The kidney specific inactivation of Kif3a, a subunit of kinesin-II, essential for 

cilia formation, prevents renal ciliogenesis and results in the development of PKD in mice 

(128).

Abnormalities in OCD

Defective planar cell polarity is another hallmark feature seen in PKD. This phenotype can 

also be attributed to the ciliary hypothesis in PKD. It has been proposed that cilia in the 

developing kidney are responsible for the OCD along the length of a renal tubule. Loss of 

OCD was observed during advanced stages of cystogenesis in the pck rat, an orthologous 

model of ARPKD. Measurement of mitotic angles in the pck rat showed that the loss of 

OCD preceded tubular dilation in these animals. The kidney specific inactivation of Hnf1β, a 

transcription factor involved in the regulation of expression of Pkd2 and Pkhd1 (the gene 

mutated in ARPKD), also resulted in PKD as a result of severe mitotic angle distortion and 

loss of OCD seen even at birth (109). However, recent results with the kidney specific 

inactivation of Pkd1, Pkd2 and Pkhd1 mouse models show that loss of OCD is not required 
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for cystogenesis. Precystic tubules from conditional Pkd1 or Pkd2 mice did not show the 

loss of OCD. Once the tubules dilated to form cysts, loss of OCD was seen. Moreover, the 

conditional deletion of Pkhd1 in the kidneys resulted in the loss of OCD, however, these 

mice did not develop PKD (129).

Modifiers of polycystic kidney disease progression

ADPKD is a fully penetrant trait in that virtually 100% of individuals who inherit one of the 

mutated polycystin genes will develop PKD in their lifetime. The disease presentation and 

severity, however, vary among ADPKD patients, even within family members (2). This 

phenotypic variability associated with disease presentation led to the investigation of 

modifying loci and environmental factors that may influence disease progression. Although 

ADPKD is a single-gene disorder, the disease phenotype is a complex trait. In single-gene 

disorders with complex traits, the primary mutant gene product is embedded in a complex 

system that includes genetic modifiers and modulating environmental factors (130). Belibi et 

al tested the effects of caffeine on normal and ADPKD cultured cells. Caffeine inhibits 

phosphodiesterases (PDE), the enzymes that hydrolyze cAMP, leading to the accumulation 

of this second messenger. Increased cAMP can lead to a mitotic response in the ADPKD 

cells, as described above. This study found that caffeine, and other PDE inhibitors such 

IBMX and rolipram, increased intracellular cAMP levels in ADPKD cells (131). Therefore, 

caffeine is an important environmental influence in the progression of ADPKD that patients 

should avoid.

An early onset of PKD is seen in patients with microdeletions in the PKD1 and TSC2 genes, 

which are adjacent to each other on the same chromosome (132–133). Bilineal inheritance 

of heterozygous PKD1 and PKD2 mutations also leads to severe renal disease in some 

patients (133). Transheterozygous mutations in the Pkd1 and Pkd2 genes in mice have also 

been reported to have greater than additive renal disease phenotype (sibs twins modifier). 

Moreover, patients who have cystic fibrosis (therefore a mutation in CFTR) and PKD have a 

milder disease (116). The possible existence of modifier genes in ADPKD patients was also 

confirmed from an analysis carried out in monozygotic (MZ) twin siblings. Large 

intrafamilial variability was observed in the progression of renal disease in these MZ twins 

(134). More recently, a number of gene networks have been identified (135–136). Fedeles et 

al showed that a network of five genes, including two gene products involved in 

translocation and quality control in the ER, were necessary for the PC1/PC2 complex (135). 

These genes, PRKCSH and SEC63, which encode glucosidase IIb and Sec63p, respectively, 

interact with PKD1 and PKD2 to establish a functional PC1/PC2 complex. The same study 

demonstrated that PKHD1 could be modified by PKD1, showing that, within this network, 

PC1 is the rate-limiting factor in the progression of PKD. These results suggest that the 

inability to correctly traffic a normal polycystin complex may contribute to PKD, and 

support a model of gene dosage effects (137–139). This was further supported by studies 

showing reduced polycystin2 in the cilia of induced pluripotent stem cells generated from 

PKD patients with PKD1 mutations (136).

Pax2 is a developmentally regulated gene that is required for the differentiation and 

proliferation of the renal epithelium in both mice and human. Expression of Pax2 is seen in 
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the nephric duct, ureteric bud and induced mesenchyme in the normal developing kidney. 

Pax2 expression is seen in the nephrogenic zone of the kidney from E11 to postnatal day 10 

in mice (140). Pax2 null mutant mice lacked the urogenital system including absent kidneys 

and ureters while the overexpression of Pax2 led to multicystic disease (141–143). Human 

juvenile cystic kidneys, ADPKD kidneys and cpk (a mouse model which resembles 

ARPKD) mouse kidneys showed persistent expression of Pax2 (140).

The pattern of expression of Pax2 during kidney development and in cystic kidneys 

prompted two independent groups of investigators to ask whether Pax2 can regulate 

cystogenesis. Ostrom et al showed that reduced gene dosage of Pax2 modified the cystic 

phenotype in the cpk mouse model of PKD. Mice homozygous for the cpk mutation and 

heterozygous for the Pax2 gene, had reduced cystic severity and a longer life span (140). 

The role of Pax2 in cystogenesis was also investigated in an ADPKD mouse model, 

Pkd1del34. Fetal kidneys (E18.5) from the homozygous cystic mice, Pkd1del34/del34, showed 

immunoreactivity to Pax2 in the cystic epithelium, bifurcating ureteric buds, and also in the 

condensing mesenchyme. Double mutant mice, which were homozygous for the Pkd1del34 

mutation and heterozygous for the Pax2 mutation (Pkd1−/−;Pax2+/−), showed a marked 

reduction in kidney mass and cyst size when compared to Pkd1−/−;Pax2+/+ mice (141). 

Recently a signaling cascade has been elucidated in PKD showing that increased activity of 

c-Met results in increased activity of NF-kB, leading to increased expression of Wnt7a and 

Wnt7b, which finally leads to increased expression of Pax2 in cyst lining cells (142).

The role of another developmentally regulated gene, Cux1, was also investigated in PKD. 

Cux1 is a homeodomain protein that regulates the cell cycle by repressing the expression of 

the p21 and p27 cyclin kinase inhibitors (143). Cux1 is highly expressed during renal 

development, but sharply down regulated upon nephron maturation. Transgenic mice 

ectopically expressing Cux1 develop multiorgan hyperplasia, including renal hyperplasia, 

similar to p27 knockout mice (144–147). Cux1 is ectopically expressed in several mouse 

models of PKD, as well as in human ADPKD kidneys (148–150).

An ARPKD mouse model carrying a targeted mutation in the Cux1 gene was generated to 

determine the role of Cux1 in the progression of PKD. The cpk mouse model, which 

resembles human ARPKD, was crossed to Cux1tm1Ejn. This Cux1 mutant mouse carries an 

in-frame deletion of Cux1 that spanned exons 15 and 16. The phenotype of Cux1tm1Ejn 

includes wavy hair and curly vibrissae, and mutant females have a lactation defect and are 

unable to support pups. However, the kidneys of these mice are phenotypically normal. The 

Cux1tm1Ejn phenotype was similar to the mutations in the EGFR pathway. The genetic or 

pharmacologic inhibition of EGFR activity results in decreased cyst formation and improved 

kidney function. The Cux1tm1Ejn mice were crossed with Cys1cpk mice anticipating a similar 

alteration in cyst progression. The double mutant mice indeed showed a modification in cyst 

progression. However, the mutation in Cux1 did not reduce the cyst progression as expected, 

rather the Cux1 mutation accelerated disease progression in these animals. This phenotype 

was explained by the ectopic expression of Cux1ΔCR1 (the truncated form of Cux1) protein 

in the double knockout mice, which in turn repressed p21 and p27 thereby increasing cell 

proliferation and resulting in a rapid progression of the disease (150).
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Additional genes that have been shown to modify PKD progression include Dicer. Dicer is 

an enzyme involved in the generation of mature microRNAs. When Dicer was ablated in 

mouse kidneys, glomerular and tubular cysts developed, resulting from an increased 

expression of Pkd1. The inactivation of Dicer was associated with the down regulation of 

miR-200, a kidney enriched microRNA family that targets PKD1 (151). Conversely, the 

microRNA cluster miR-17~92 is upregulated in mouse models of PKD and initiates cyst 

development when expressed in transgenic mice (152). Thus, either the upregulation of 

Pkd1 or the down regulation of Pkd1 by miRNAs results in cystogenesis (153).

Conversely, a comprehensive systems biology analysis of mice in which Pkd1 was 

conditionally knocked out between postnatal day 5 and 9 and analyzed at postnatal days 12 

and 14 did not show any differences in microRNAs between wild type and mutant mice. 

Rather, a fundamental role for metabolic pathways in cystogenesis was demonstrated. In 

particular, a central role for HNF4α, a transcription factor that regulates several metabolic 

pathways, in protecting Pkd1 mutant kidneys from severe cystic disease was indicated (154).

Conclusion

Remarkable progress has been made in the study of PKD since the identification of the 

genes that are mutated to give rise to ARPKD and ADPKD. However, there is much that is 

still unknown about the proteins these genes encode. Questions remain regarding the 

function of these proteins in regulating cell proliferation. There is increasing evidence that 

PKD is a developmental disorder, however, there is still much to learn regarding the role 

these proteins play in normal renal development (155). Although these proteins have been 

shown to regulate numerous signaling pathways, a clear-cut link between the disruption of 

these pathways and the genesis and progression of cystic disease has yet to be identified 

(155). Answering these questions holds the promise for the development of effective 

therapeutic strategies for the treatment of PKD patients.
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Figure 1. Stages of kidney development in the mouse embryo
The pronephric duct arises from the intermediate mesoderm in the mouse embryo at E9.0. 

The nephric duct grows caudally until it reaches the cloaca. Mesonephric tubules can be 

seen at E10.0. The mesonephric tubules which are found more caudally, are more developed 

compared to the proximal ones. Posterior cells of the intermediate mesoderm specialize to 

form an aggregate called metanephric mesenchyme (red). The metanephric mesenchyme 

gives rise to all the segments of the nephron. The ureteric bud, an outgrowth from the 

nephric duct invades the MM by E10.5. The UB gives rise to the collecting system of the 

kidneys. The UB bifurcates and the induced mesenchyme, known as the cap mesenchyme 

(purple), surrounds the tips of the UB.
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Figure 2. Stages of nephrogenesis
The adult metanephric kidney in mammals develops by a reciprocal interaction between the 

epithelial ureteric bud (blue) and the metanephric mesenchyme (purple). During the 

condensation stage, the loose mesenchymal cells of the MM condense around the tips of the 

epithelial UB. After the condensation stage, the induced mesenchyme undergoes a 

mesenchyme-to-epithelial conversion forms the comma and S-shaped structures. Later, the 

tubules elongate and the podocytes in the glomeruli fold to give rise to a mature nephron.
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Figure 3. Structure of polycystins
Polycystin-1 has a large extracellular domain, 11 transmembrane domain and a short 

cytoplasmic tail. The coiled coil domain in the C-terminal end of PC-1 interacts with the C-

terminal tail of Polycystin-2. Polycystin-2 has cytoplasmic N and C-terminus. Together, 

PC1 and PC2 mediate calcium entry into cells. (Modified from 2)
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Figure 4. Models for the functions of polycystins
A: PC1 and PC2 are found on the plasma membrane (PM) in this model. Activation of PC1 

leads to the activation of PC2 which leads to calcium influx and changes in gene 

transcription. B: Polycystins signaling through the primary cilia. Renal cilia bend in 

response to fluid flow. Bending of the cilia leads to the influx of calcium through 

polycystins. C and D: Polycystins regulating G-protein signaling. Binding of PC1 to 

heterotrimeric G proteins activates the Gα subunit and the release of the βγ subunits. This 

leads to the activation of adenylyl cyclases and MAP kinases which can affect several 
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cellular processes such cell proliferation, fluid secretion and differentiation. G protein 

signaling through polycystins can also affect the JNK/AP-1 and NFAT/AP-1 pathways. E: 

Polycystins signaling through the JAK-STAT signaling pathway. E: Membrane anchored 

PC1binds to JAK2 and activates it which then phosphorylates STAT3. F: PC1 C tail can 

translocate to the nucleus and coactivate STAT1, 3 and 6 which were already activated 

independently through cytokine signaling. Once in the nucleus, STAT transcription factors 

affect the expression of genes required for cell proliferation, cell growth, differentiation and 

apoptosis. G: Polycystins regulating the JAK-STAT signaling pathway. PC1, in a reaction 

requiring PC2, activates JAK2 which leads to the phosphorylation of STAT1. 

Phosphorylated STAT1 translocates to the nucleus and activates the cyclin-dependent kinase 

inhibitor, p21. Activation of p21 results in the subsequent inhibition of cdk2 and cell cycle 

arrest.
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Figure 5. Potential mechanisms of cystogenesis and disease progression in ADPKD
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