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Abstract
Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited monogenic kidney disease. Characterized by the development and growth of cysts that cause progressive kidney enlargement, it ultimately leads to end-stage renal disease. Approximately 85% of ADPKD cases are caused by mutations in the PKD1 gene, while mutations in the PKD2 gene account for the remaining 15% of cases. The PKD1 gene encodes for polycystin-1 (PC1), a large multi-functional membrane receptor protein able to regulate ion channel complexes, whereas polycystin-2 (PC2), encoded by the PKD2 gene, is an integral membrane protein that functions as a calcium-permeable cation channel, located mainly in the endoplasmic reticulum. In the primary cilia of the epithelial cells, PC1 interacts with PC2 to form a polycystin complex that acts as a mechanosensor, regulating signaling pathways involved in the differentiation of kidney tubular epithelial cells. Despite progress in understanding the function of these proteins, the molecular mechanisms associated with the pathogenesis of ADPKD remain unclear. In this review we discuss how an imbalance between functional PC1 and PC2 proteins may disrupt calcium channel activities in the cilium, plasma membrane and endoplasmic reticulum, thereby altering intracellular calcium signaling and leading to the aberrant cell proliferation and apoptosis associated with the development and growth of renal cysts. Research in this field could lead to the discovery of new molecules able to rebalance intracellular calcium, thereby normalizing cell proliferation and reducing kidney cyst progression. 
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Core tip: In the present article, we discuss: (1) the regulation of calcium signaling in the primary cilia of autosomal dominant polycystic kidney disease (ADPKD) cells and the downstream processes that lead to cystogenesis; (2) how calcium impairment promotes cell proliferation by activating different signaling pathways; (3) the activity of non-capacitative calcium entry channels, which in PKD1-silenced cells stimulates cell growth by Ca2+ oscillations and nuclear factor of activated T-cells activation, highlighting new findings showing the role of polycystin-2 in calcium oscillations; (4) the impairment of intracellular calcium signaling associated with apoptosis; and (5) the use of calcium channel blockers and calcium modulators in the treatment of ADPKD.
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited pathology of the kidneys, having an incidence of 1:500-1:1000 individuals. It accounts for roughly 10% of cases of end-stage renal disease[1,2], which results from the progressive bilateral development and expansion of fluid-filled cysts arising from the de-differentiation of renal tubule epithelial cells[1]. ADPKD is caused by the mutation of two genes: PKD1, which accounts for 85% of cases, and PKD2, associated with the remaining 15% of cases[1]. In ADPKD, the focal cyst development in the kidneys seems to be associated with a somatic second hit brought on by either loss of heterozygosity or other mutations in renal cyst lining epithelial cells[3,4]. PKD1 and PKD2 genes encode for polycystin-1 (PC1) and polycystin-2 (PC2) proteins, respectively[1,5]. PC1 is an integral membrane receptor with a large extracellular region consisting of a variety of domains involved in cell-cell and cell-matrix interactions. It also bears 11 transmembrane domains, and a short cytoplasmic segment containing motifs involved in signal transduction[1]. PC2, on the other hand, is an integral transmembrane protein mainly localized to the endoplasmic reticulum; it is anchored to cell membranes by six transmembrane regions, and has two cytoplasmic N- and C-terminal tails. PC2 functions as a nonselective cation channel that transports calcium, and shows significant homology with transient receptor potential (TRP) channels[5-8]. Indeed, the polycystins and their homologous proteins are considered a new subfamily of TRP channels, and accordingly known as TRP polycystic proteins[1]. 

An interaction between PC1 and PC2 forms the so-called polycystin complex. This is mainly confined to the primary cilia of kidney epithelial cells, where it acts as a flow sensor, triggering intracellular calcium release via the activation of the PC2 channel in response to fluid-flow changes. Disruption of this complex impairs intracellular calcium influx, and leads to the development and expansion of kidney cysts[1,9,10]. 

Polycystins are able to regulate calcium channel activity not only in the cilia, but also in other cellular compartments, including the plasma membrane and endoplasmic reticulum. Indeed, PC1 and PC2 co-assembly has been seen to generate a cation-permeable current through the plasma membrane[11], and PC1 and PC2 are known to regulate intracellular calcium release in the endoplasmic reticulum through their interaction with the inositol 1,4,5-trisphosphate receptor (IP3R)[12-14]. In this context, PC2 enhances calcium release from the endoplasmic reticulum by stimulating the activity of the IP3 receptor, while PC1 inhibits this process by reducing PC2-IP3R interaction via a mechanism involving the stromal interaction molecule-1 (STIM1) and the PI3K/Akt pathway[12,15]. PC1 can also regulate other types of calcium channels, including non-capacitative calcium entry (NCCE) channels, which are able to generate intracellular calcium oscillations[16]. PC2, on the other hand, regulates intracellular calcium release by either interacting with the calcium channels TRPC1 and TRPV4 on the plasma membrane and in primary cilia, and/or through an association with ryanodine and IP3 receptors in the endoplasmic reticulum[8,17-19]. Moreover, PC2 appears to be able to generate a non-specific voltage-dependent cation current in native HEK293 kidney cells. This current is strongly associated with PC2 activity, and is completely abolished by the depletion of PC2 protein[20]. 

Taken together these findings suggest that PC1 and PC2 may affect calcium influx from different cellular compartments, including cilium boundaries (cilioplasm), plasma membrane and endoplasmic reticulum. Dysregulation of calcium signaling due to loss of polycystin function causes the aberrant activation of different pathways associated with abnormal cell proliferation and fluid secretion, thereby leading to the development and expansion of kidney cysts. However, the cascade of events that occur between polycystin dysfunction and kidney cyst formation in ADPKD is not yet fully understood. 

In this review, we discuss the impact of polycystin loss of function on calcium signaling, which may alter different pathways associated with the cell growth and apoptosis that are a typical hallmark of ADPKD. Moreover, we report the potential effects of calcium dysregulation on kidney cyst formation and progression. Finally, we also discuss the state of the art in calcium channel modulators, able to restore normal calcium release and therefore appealing targets for ADPKD treatment. 

ROLE OF THE POLYCYSTIN COMPLEX IN PRIMARY RENAL CILIA 

It is well known that PC1 and PC2 co-localize in the primary cilia of kidney epithelial cells, performing a mechano-sensor function by transducing calcium signals in response to changes in tubular fluid flow. Loss or dysfunction of either PC1 or PC2 causes the inability of cells to sense mechanical stimuli due to bending of the cilia, which leads to abnormal cell morphology and polarity, and thereby contributes to renal cyst formation[10,21,22]. The calcium signaling triggered by fluid shear stress initiates in the primary cilia through PC2-dependent calcium release. This is initially confined to the cilioplasm, but, through the ryanodine receptor, the same calcium signal subsequently activates a cytosolic calcium response that induces calcium influx from intracellular stores[23]. 

PC2, as mentioned above, is also able to interact with the transient potential receptor channels TRPC1 and TRPV4. PC2 and TRPC1 assemble to form a heteromultimeric channel, not associated with PC1, which is activated in response to G-protein-coupled receptor stimulation, and shows a pattern of single-channel conductance distinct from that of the individual PC2 and TRPC1 channels[24]. Direct or indirect activation of the PC2/TRPC1 complex, either by cilium bending or through the activation of plasma membrane GPCRs, may affect the mechano-transduction of cilium-associated calcium signals[24]. PC2 can also form a heteromeric channel complex with TRPV4. This complex displays molecular mechano-sensor properties, being able to generate flow-induced calcium influx, which seems to be abolished by the depletion of TRPV4 channel in renal epithelial cells[18]. It is also plausible that polycystins cooperate with other proteins located in the cilium, such as cystin, polaris, inversin, and kinesin-II, as defects in these proteins may lead to the formation of kidney cysts[21,25]. 

In the primary cilia, PC1/PC2, PC2/TRPC1 and PC2/TRPV4 complexes regulate the calcium signaling activated by cilium deflection due to changes in fluid flow. Surprisingly, however, depletion of TRPC1 and TRPV4 is not associated with cyst formation, despite it altering ciliary calcium signaling. Hence, the impairment of ciliary calcium signaling alone is not sufficient to trigger kidney cyst development, a process which, instead, seems to be closely linked to the activity/function of PC1 and PC2 proteins. In fact, a recent study has shown that ablation of the cilia in both PC1- and PC2-deficient cells reduces cyst growth, suggesting that the loss of cilia may cause milder cyst progression than in the cilia-equipped ADPKD cells[26]. Moreover, cilia-dependent cyst growth is not associated with the activation of the mitogen-activated protein kinase/extracellular signal-regulated kinase, mammalian target of rapamycin (mTOR) or cyclic adenosinemonophosphate (cAMP) pathways[26]. As a whole, these findings suggest that the polycystins govern ciliary signaling by an unknown mechanism when the normal kidney epithelial cell phenotype is maintained. In ADPKD, the inactivation of polycystins alters cilia-dependent signaling, thereby promoting the formation of the characteristic kidney cysts.

CALCIUM SIGNALING AND CELL PROLIFERATION IN ADPKD CELLS

ADPKD is strongly associated with the altered cell proliferation of cystic kidney epithelial cells that represents a typical hallmark of the disease. The disruption of calcium signaling associated with PC1 and PC2 deficiency could be the primary event behind the increased cell growth seen in ADPKD. Indeed, we do know that calcium restriction in ADPKD cells causes cAMP-dependent activation of the B-Raf/mitogen-activated protein kinase kinase (MEK)/extracellular-signal-regulated kinases (ERK) pathway, which results in increased cell growth[27]. Moreover, this reduction in intracellular calcium levels also inhibits the activity of AKT kinase, a negative regulator of B-Raf[27]. In cystic cells, normal growth can be restored by increasing their cytosolic calcium concentration, which increases AKT activity and inhibits cAMP-dependent B-Raf/ERK activation[28]. 

Low intracellular calcium levels may also stimulate the activity of the ciliary calcium-sensitive adenylyl cyclases AC5 and AC6, as well as the plasma-membrane-anchored AC6, leading to the elevation of cAMP[29,30]. Therefore, loss of polycystin function may promote the activity of AC5/6 by reducing intracellular Ca2+ release from the cilia, RE and plasma membrane[29,30] (Figure 1). Indeed, it has recently been reported that the double knockout of PKD1 and AC6 genes decreases cystogenesis, improves renal function and increases survival in a mouse model of ADPKD. These improvements in renal function occur through a reduction in cAMP levels and inhibition of the B-Raf/MEK/ERK pathway, suggesting that AC6 could be a key mediator of cyst formation in ADPKD[31]. In addition, cAMP elevation may activate the cAMP-response element-binding protein, which promotes cell proliferation in an epidermal growth factor receptor (EGFR)-activation-dependent manner by stimulating expression of the EGF-like peptide amphiregulin (AREG)[32]. EGFR signaling is dependent upon a mechanism involving the sequential activation of Ras, Raf-1, MEK and ERK. It can converge on the same pathway activated by cAMP, thereby leading to activation of the ERK kinases that promote cell proliferation in ADPKD cells[33] (Figure 1). Furthermore, the abnormal activity of mTOR kinase has been observed to contribute to increased cell proliferation and cyst formation in ADPKD cyst-lining epithelial cells. In normal kidney epithelial cells mTOR activity is inhibited by PC1, which interacts with TSC1/TSC2, an inhibitory complex of mTOR, preventing its inactivation. Conversely, in ADPKD cells polycystin dysfunction promotes mTOR activation by inhibition of the TSC1/TSC2 complex, through a mechanism involving the cAMP-dependent B-Raf/ERK pathway[34,35] (Figure 1). 

The expression of full-length PC1 has been shown to inhibit intracellular calcium release in response to ATP in Madin-Darby canine kidney (MDCK) cells, in a mechanism that involves the interaction of STIM1 with IP3R, and reduces the association between PC2 and the IP3 receptor[15]. Moreover, PC1 seems able to regulate intracellular calcium release and PC2-IP3R-STIM1 interaction through the PI3K/Akt signaling pathway[15]. The exogenous expression of the C-terminal fragment of PC1 (PC1-Cter) could function as a dominant negative effector, causing an increased intracellular calcium release in response to ATP treatment, as seen in HEK-293 cells[36]. Furthermore, PC1-Cter-expressing cells not only exhibit increased levels of basal calcium, but also show enhanced cell proliferation, which is associated with the activation of ERK kinases[37]. Consistently, the transfection of HEK-293 cells with the C-terminal tail of PC1 has been observed to cause an increase in both basal and intracellular calcium release, leading to the activation of the nuclear factor of activated T-cells (NFAT)[38]. Moreover, NFAT activation, associated with increased cell proliferation in HEK-293 cells, is also observed after the downregulation of PC1 by RNA interference[16]. NFAT activation occurs through a rise in the frequency of intracellular calcium oscillations, caused by the increased activity of NCCE channels[16] (Figure 1). In HEK293 cells, these calcium oscillations can be increased by either reduced or undetectable levels of PC1, but are only induced by the absence of PC2 (Figure 2A). Normal calcium oscillations can be restored in PKD1-deficient cells via the reintroduction of mouse wild-type PC1, and in PKD2 knockout cells via the transfection of full-length PC2 (reference[16] and Figure 2B). These findings suggest that PC1 could negatively regulate NCCE channels in a mechanism involving PC2 expression. 

Taken as a whole, the evidence above suggests that the increased cell proliferation, fluid secretion and kidney cyst development seen in ADPKD may arise due to either the loss of polycystin complex function or an imbalance in the PC1/PC2 ratio causing intracellular calcium changes that trigger the B-Raf/MEK/ERK signaling cascade, as well as mTOR and NFAT pathways (Figure 1). However, the different effects on intracellular calcium concentration and downstream events observed with PC1 fragments and full-length PC1 expression suggest that further investigations are needed to clarify the function of polycystins in the regulation of calcium signaling. 

CALCIUM SIGNALING AND APOPTOSIS IN ADPKD CELLS

In ADPKD, cyst formation and expansion rely on multiple mechanisms, including apoptosis, whose levels are higher in kidney cells from patients with ADPKD with respect to healthy individuals[39]. As apoptosis is one of the multiple cellular processes regulated by calcium signaling, this increase in apoptosis may be associated with abnormal intracellular calcium influx. Indeed, it has been demonstrated that cell sensitivity to apoptotic stimuli can be enhanced by calcium accumulation in the endoplasmic reticulum (ER) of renal epithelial cells deprived of functional PC2[40]. Conversely, expression of the PC2 protein, which functions as a calcium channel, inhibits apoptosis by lowering ER calcium levels[40]. Therefore, polycystin dysfunction appears to bring about an imbalance in ER calcium concentration through a reduction in the activity of the PC2 channel, causing calcium overload in the ER. This increase in ER calcium concentration, and its subsequent release, sensitizes cystic kidney cells to apoptotic stimuli. The excess calcium released from the ER is absorbed by the mitochondria, potentially causing damage that may lead to the release of cytochrome C, which activates the programmed cell death (Figure 1). In light of these findings, it seems that PC2 may function as an anti-apoptotic calcium channel in kidney epithelial cells[40]. Likewise, programmed cell death in kidney cells may be also regulated by PC1. In fact, apoptosis is prevented in MDCK cells, through the activation of the phosphatidylinositol 3-kinase/Akt signaling pathway, by the expression of full-length PC1[41,42].
CALCIUM CHANNELS AS A TARGET FOR ADPKD THERAPY 

Drugs able to inhibit mTOR and cAMP-related pathways have already completed clinical trials. In particular, the use of the vasopressin V2 receptor Tolvaptan has led to significant improvements in renal function[43], although treatment with mTOR signaling pathway inhibitors did not yield satisfactory results[44]. Investigation into the calcium modulator molecules as an alternative treatment for ADPKD has also begun. To this end, significant results have already been achieved in preclinical trials of triptolide, an active diterpene that induces intracellular calcium release through a PC2-dependent mechanism. Treatment with this molecule improved renal function in a mouse model for ADPKD, inhibiting cyst expansion by restoring normal calcium signaling and cell proliferation[45,46]. Conversely, retrospective studies have shown that treating ADPKD patients with calcium channel blockers provokes a worsening of renal function, as compared to untreated patients, by reducing the glomerular filtration rate[47]. However, treatment of PKD2(-/WS25) ADPKD mice with R-568, a type-2 calcimimetic molecule that triggers the activation of calcium-sensing receptors, showed no detectable effect on cystogenesis[48]. Nonetheless, despite the unsatisfactory results yielded by current therapeutic interventions relying on calcium channel modulators, it is worthwhile continuing this line of research, as further studies into other calcium regulators may lead to the discovery of more efficient drugs.

CONCLUSION
Polycystin complex, formed by the interaction between PC1 and PC2, may function as a calcium-permeable receptor-channel complex able to regulate intracellular calcium signaling. As both PC1 and PC2 are mutated in ADPKD, and in light of their effects on cell proliferation and apoptosis, considered typical hallmarks of ADPKD, it is highly plausible that such mutations play a central role in the disease. In complex or alone, PC1 and PC2 can both act in different cellular compartments, including the plasma membrane, endoplasmic reticulum and primary cilium, but the downstream effects of their dysfunction in ADPKD have still not been clarified. Nevertheless, it is known that functional loss of either PC1 or PC2 causes calcium signaling disruption, which is considered a primary event for kidney cyst formation in ADPKD. Although intracellular Ca2+ alteration abnormally activates several pathways that stimulate cell proliferation in ADPKD cystic cells, including cAMP-dependent B-Raf/MEK/ERK signaling and mTOR, EGFR and NFAT pathways, these are not activated in the cyst formation process associated with ciliary signaling impairment. Further investigation is therefore required to clarify the function of polycystins, and in turn identify new targets for ADPKD treatment.
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Figure 1 Diagram showing calcium-dependent dysregulated signaling pathways that promote cell proliferation and apoptosis in autosomal dominant polycystic kidney disease cells. Loss of PC1 and/or PC2 function causes a reduction in cytosolic calcium influx from three different cellular compartments: (1) the primary cilium after mechanical stimuli; (2) the endoplasmic reticulum, in an IP3R- and RyR-dependent manner; and (3) the plasma membrane, through a reduction in SOCE channel activity. The reduced concentration of cytosolic calcium may activate Ca2+ sensitive adenylyl cyclases 5 and 6, leading to a rise in cAMP. Increased levels of cAMP cause the activation of B-Raf/MEK/ERK and CREB/AREG/EGFR pathways, as well as stimulating mTOR signaling, through the active form of ERK kinases that inactivate the TSC1/TSC2 complex. Moreover, deficiency of PC1 and/or PC2 enhances the activity of NCCE channels, which, by increasing calcium oscillation frequency, results in the activation of the transcription factor NFAT. The abnormal activation of these signaling pathways promotes cell proliferation and kidney cyst formation. In addition, the reduction in Ca2+ influx from the ER to the cytosol caused by a deficiency in PC2 channel activity brings about an imbalance in ER calcium concentration, resulting in ER Ca2+ overload. The increased ER calcium concentration sensitizes kidney cystic cells to apoptotic stimuli by abnormal ER calcium release, which may induce mitochondrial damage and thereby lead to cytochrome C release and activation of apoptosis. AC 5/6: Adenylyl cyclase 5/6; AR: Amphiregulin; Ca2+ OX: Calcium oscillations; cAMP: Cyclic adenosine monophosphate; CREB: cAMP response element binding transcription factor; EGFR: Epidermal growth factor receptor; ER: Endoplasmic reticulum; ERK: Extracellular-signal-regulated kinases; GRB2: Growth factor receptor-bound protein 2; IP3R: Inositol 1,4,5-trisphosphate receptor; MEK: Mitogen-activated protein kinase kinase; mTOR: Mammalian target of rapamycin; NCCE: Non-capacitative calcium channel entry; NFAT: Nuclear factor of activated T-cells; PKA: Protein kinase A; PC1: Polycystin-1; PC2: Polycystin-2; S6K: Ribosomal S6 kinase; Raf: Rapidly accelerated fibrosarcoma kinase; Ras: Rat sarcoma viral oncogene homolog family; Rheb: Ras homolog enriched in brain; RyR: Ryanodine receptor; SERCA: Sarcoplasmic endoplasmic reticulum calcium ATPase; SOCE: Store-operated calcium channel entry; TRPC1: Transient receptor potential channel 1; TRPV4: Transient receptor potential cation channel subfamily V member 4; TSC: Tuberous sclerosis complex. 
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Figure 2 Downregulation of PKD1 and PKD2 genes increases fetal bovine serum-induced calcium oscillations in HEK293 cells. A: The stable transfection of HEK293 cells with plasmids containing specific anti-PKD1 and anti-PKD2 sequences causes a partial (+/-) or complete (-/-) downregulation of PC1 and PC2 expression compared with HEK293 cells stably transfected with scramble sequences (control). PKD1 and PKD2 gene silencing was evaluated by Western blotting using anti-PC1 and anti-PC2 antibodies. Calcium oscillations were increased in both partially (+/-) and fully (-/-) cells silenced for the PKD1 gene, as well as in fully (-/-) PKD2-silenced cells, as compared with scramble-treated cells (control). The number of oscillations/15 min were: 12 ± 1.5 in PKD1(+/-) cells, 12.2 ± 1.42 in PKD1(-/-) cells and 11.13 ± 1.79 in PKD2(-/-) cells, vs 6.39 ± 1.09 in control cells (bP < 0.01; aP < 0.05); B: The expression of full-length exogenous PC2 fused with GFP in PKD2(-/-) cells restores normal calcium oscillations (11.13 ± 1.79 oscillations/15 min in PKD2(-/-) cells vs 7.72 ± 1.07 in PKD2(-/-) cells transiently transfected with PKD2-GFP cDNA; aP < 0.05). Western blotting, oscillation recording and cell imaging were performed as previously reported[16]. Data, obtained from three different experiments analyzing at least 45 cells for every HEK293 clone, are represented as mean ± standard deviation. Analysis of data was performed using Student’s t test, and differences were considered significant at a value of P < 0.05. PKD: Polycystic kidney disease; HEK293: Human embryonic kidney cells; GFP: Green fluorescent protein; PC: Polycystin. 
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