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Abstract

Mutations in polycystin-1 (PC1) and polycystin-2 (PC2) result in a commonly occurring genetic 

disorder, called Autosomal Dominant Polycystic Kidney Disease (ADPKD), that is characterized 

by the formation and development of kidney cysts. Epithelial cells with loss-of-function of PC1 or 

PC2 show higher rates of proliferation and apoptosis and reduced autophagy. PC1 is a large 

multifunctional transmembrane protein that serves as a sensor that is usually found in complex 

with PC2, a calcium (Ca2+)-permeable cation channel. In addition to decreased Ca2+ signaling, 

several other cell fate-related pathways are de-regulated in ADPKD, including cAMP, MAPK, 

Wnt, JAK-STAT, Hippo, Src, and mTOR. In this review we discuss how polycystins regulate cell 

death and survival, highlighting the complexity of molecular cascades that are involved in 

ADPKD.
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1. Introduction

Loss-of-function of polycystin-1 (PC1) or polycystin-2 (PC2) results in the most common 

life-threatening renal disease called autosomal dominant polycystic kidney disease 

(ADPKD), which affects 1 in 400–1,000 people worldwide. PC1 and PC2 are 

transmembrane proteins that form a heteromeric molecular complex in the plasma 

membrane and cilia, where PC1 is thought to serve as a sensor and PC2 functions as a 

calcium (Ca2+) permeant channel [1]. Mutation in PKD1 (encoding PC1) is found in 85% of 

ADPKD cases, which have typically a more severe phenotype than those with a mutation in 

PKD2 (encoding PC2), accounting for 15% of cases. The hallmark of ADPKD is the 

spontaneous generation and continuous growth of kidney cysts. These cysts gradually 

enlarge to destroy normal renal parenchyma, and lead to end stage renal disease (ESRD) in 

more than half of patients by the age of 60 [2, 3]. In addition, ADPKD is associated with 

cysts in other organs, such as liver and pancreas, as well as noncystic manifestations, such as 

cardiovascular abnormalities, intracranial aneurisms, intestinal diverticuli, and abdominal 

hernia [4].

The most widely accepted theory for cyst generation in human ADPKD is the “two-hit 

hypothesis”. Patients with ADPKD are typically heterozygous, with one PKD allele having a 

germline mutation (first hit), and then the remaining normal PKD allele develops a somatic 

mutation (second hit) in an extremely small percentage of cells. These doubly mutated cells 

develop into cysts. This hypothesis is supported by the fact that homozygous mutations in 

PKD1 or PKD2 are embryonically lethal and renal cysts in ADPKD are clonal in origin [2]. 

More recently, renal injuries induced by ischemia or nephrotoxic agents have been proposed 

as a “third hit” in cystogenesis, where there injuries appear to be responsible for promoting 

cyst initiation and accelerate progression [5].

The renal cyst-lining epithelial cells are reported to be converted to a secretory phenotype, 

instead of functioning as absorptive cells, and these cells have increased rates of 

proliferation and apoptosis [6, 7]. The cysts gradually increase in size, filling with fluid, 

dead cells, and necrotic corpus, and are surrounded by interstitial inflammatory cells and 

matrix deposition [8]. PC1 and PC2 are believed to activate/inhibit a number of key 

signaling pathways which, in turn, regulate diverse cellular functions including proliferation, 

tubulogenesis, fluid secretion, cell metabolism, survival, apoptosis, and autophagy. Several 

signaling pathways have been proposed to be deregulated in ADPKD, including Ca2+, cyclic 

adenosine monophosphate (cAMP), mitogen-activated protein kinase (MAPK), Wnt, janus 

kinase (JAK), signal transducer and activator of transcription (STAT), Hippo, Src, and 

mechanistic target of rapamycin (mTOR) signaling [9] (Fig. 1). Considering the pivotal role 

of the polycystins in controlling the balance between cell proliferation and death and the 

consequences for renal cyst development in ADPKD, this review will focus on the newest 

findings explaining how polycystins regulate cell death and survival.
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2. Polycystins

2.1 Polycystin 1

PC1 is a glycoprotein with a large extracellular N-terminal (3072 aa), 11 transmembrane 

domains and a cytoplasmic C-terminal region (~200 aa) [10, 11]. The N-terminal domain of 

PC1, the bulk of the protein, contains several structural motifs that have been reported to be 

important for interactions with extracellular proteins and carbohydrates [10, 12]. This 

domain is rapidly cleaved after its synthesis in vivo and remains tethered to the membrane-

bound C-terminal domain in a noncovalent fashion, resulting in a high-affinity binding 

pocket for as-yet unidentified ligands [13]. Regarding the C-terminal cytoplasmic domain of 

PC1, the most characterized motifs are a coiled-coil sequence that binds specifically to the 

C-terminus of PC2 [14], and a heterotrimeric G-protein activation sequence that is able to 

activate heterotrimeric Gi/Go [15]. Interestingly, this coupling of PC1 to Gi/Go proteins is 

inhibited when PC2 is added to the complex [16]. The C-terminal domain of PC1 also can 

be cleaved and it is hypothesized that this sequence, once cleaved from the full length PC1, 

can translocate to the nucleus [17]. When this sequence corresponding to the last 200 amino 

acids of the C-terminus of PC1 (PC1-P200) is overexpressed, it activates transcription 

factors after it translocates and accumulates in the nucleus. Again, PC2 expression is able to 

reduce PC1-P200 translocation, suggesting that the PC2 acts as a buffer regulating the 

nuclear translocation of the released PC1 C-terminus [17].

Immunohistochemical studies demonstrate that PC1 is developmentally regulated and highly 

expressed in fetal tissues and polycystic kidney, whereas in adult tissues, PC1 is expressed at 

low levels in the kidney, predominantly in the distal nephron and collecting duct, as well as 

in the epithelial ducts of the biliary tree and the pancreas [18–20]. In normal cells, PC1 

localizes in the plasma membrane and cilia, whereas an abnormal subcellular localization of 

PC1 is seen in ADPKD cyst-lining kidney epithelium, where it is largely restricted to the 

cell cytoplasm [19, 21, 22].

PC1 and PC2 interact through their C-terminal regions. This binding is important for the 

correct localization and ion channel function of the polycystin complex in the cilia and 

plasma membrane [23], as well as for PC1 maturation [24]. PC1 and PC2 together can act as 

an inhibitory complex to cilia-dependent cyst growth–promoting pathway. This hypothesis is 

supported by observations in double knockout (KO) mice for PC1 or PC2 and structural cilia 

proteins (kinesin-like protein - Kif3a or intraflagellar transport protein 20 homolog- Ift20) 

that show a decrease in proliferation rates in cyst-lining cell and in kidney cyst growth when 

compared to PC1-KO or PC2-KO [25]. The C-terminal domain of PC1 also interacts with 

the Na,K-ATPase, suggesting that PC1 can modulate renal tubular fluid and electrolyte 

transport indirectly by increasing Na,K-ATPase activity [26].

In addition to PC2, G-proteins, and the Na,K-ATPase, PC1 also interacts with several focal 

adhesion proteins (pp125FAK, pp60src, p130Cas, and paxillin), actin-binding proteins 

(vinculin, talin and α-actinin), and cell adherent junction proteins (E-cadherin, γ-catenin 

and β-catenin), suggesting that PC1 serves to connect extracellular matrix and the actin 

cytoskeleton [27, 28]. After the reduction of functional PC1 in kidney epithelial cells of 

ADPKD patients, the cells change to a partially dedifferentiated state, where E-cadherin is 
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replaced by the mesenchymal N-cadherin in the plasma membrane [29]. PC1 also binds 

desmosomes during the initial establishment of cell-cell contact [30]. Mislocalization of 

desmosomal components in apical and basolateral membrane were observed in renal 

epithelial ADPKD cells, leading to a weak cell-cell interaction [31, 32]. The large variety of 

proteins that have been identified in complex with PC1 show that the PC1-depletion 

phenotype is complex and alters several cell events in ADPKD.

2.2 Polycystin 2

PC2, also known as transient receptor potential cation channel, subfamily P, member 2 -

TRPP2, is a nonselective cation channel characterized in 1996 [33]. The N-terminal domain 

of PC2 has sequences for primary cilia localization [34] and oligomerization [35], whereas 

the C-terminal has an endoplasmatic reticulum (ER)-retention signal [36], an EF-hand motif, 

and a coiled-coil helix, regions important for channel complex formation and hetero-

oligomerization [14, 37, 38], as well as for Ca2+ activation of channel function [39–41]. 

Recently, the three dimensional structures of truncated and full-length PC2 were solved in 

open and closed state of the channel, generating information about the channel pore 

architecture, as well as highlighting the importance of the polycystin domain. This domain is 

also called the tetragonal opening for polycystins and it is a sequence between 

transmembrane helices 1 and 2 that can regulate channel function [42–44].

PC2 is diffusely expressed during embryonic and fetal development, persisting in its 

expression in mature renal tubules, particularly of the distal nephron [45]. PC2 is primarily 

localized in ER, but it is also found in plasma membrane and cilia [22, 46]. The subcellular 

localization of PC2 may be dynamic, because the immunostaining of PC2 shows an 

increased amount of PC2 in the plasma membrane after releasing Ca2+ from ER stores [47].

PC2 interacts with several other proteins in addition to PC1. Among them, PC2 binds 

cytoskeleton proteins, such as Hax-1, tropomyosin 1, troponin 1, α-actinins, actin-binding 

and actin-bundling proteins, and filamins [48–53]. PC2 also colocalizes with mDia1, a 

protein that stabilizes microtubules, the mitotic spindle during cell division [54], and other 

Ca2+ channels and proteins related to Ca2+ homeostasis, as discussed below.

3. Polycystins and Ca2+ signaling

It is widely accepted that Ca2+ homeostasis is disrupted in ADPKD, either by mutations to 

PC1 or PC2 [55]. The altered Ca2+ homeostasis can be explained by loss of function of PC2 

as a Ca2+ channel, by the lack of regulation of the inositol trisphosphate receptor (InsP3R) 

and ryanodine receptor (RyR) by PC2, and by the decreased positive modulatory effect of 

PC1 on PC2 channel activity [23]. The Ca2+ channel function of PC2 has been demonstrated 

directly in planar lipid bilayers and indirectly in isolated cells [56–58]. PC2 and the 

PC1/PC2 complex have been shown to function as a Ca2+ channel in cilia [58, 59], a 

specialized cell compartment where the Ca2+ concentration can change and be regulated 

independently of alterations in the cytoplasmic Ca2+ [60, 61]. In several studies it was 

demonstrated that the Ca2+ signaling in the cilia can be initiated by a mechanic stimulus, and 

these changes in Ca2+ depended on the PC2 channel or PC1/PC2 complex [58, 59, 62–64]. 

As predicted by these reports, electrophysiological analysis of channel activities measured 
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directly in primary cilium showed that the lack of native PC2 totally abrogates the cation 

channel activity [65]. There are several recent studies using Ca2+ sensors that are expressed 

only in the primary cilia [66, 67]. In one report, Ca2+ signals, induced by flow of 

extracellular fluid, preceded Ca2+ changes in the cytoplasm [66] and these changes required 

PC2 expression [66]. In another report, there was a complete absence of Ca2+ signal after 

applying a physiological or a mechanical stimulus [67]. In accordance with the last report, 

PC2 was not required for the Ca2+ signal in the ciliary membrane [61], and that exogenously 

expressed polycystins are not sufficient to enhance ciliary mechanosensation [68]. These 

recent reports suggest that the function of PC1/PC2 in ciliary Ca2+ signaling remains 

controversial.

Polycystins can also modify Ca2+ release through their interaction with other Ca2+ 

machinery proteins. PC2 and the InsP3R functionally interact and modulate intracellular 

Ca2+ signaling by prolonging the half-decay time (t1/2) of InsP3-induced Ca2+ transients 

[69]. This interaction contributes to the formation of Ca2+ microdomains necessary for 

initiating Ca2+ -induced Ca2+ release [70]. On the other hand, PC1, when localized in the 

ER, binds the InsP3R and decreases the InsP3-induced Ca2+ response, suggesting that PC1 

competes with PC2 for binding the InsP3R [71].

PC2 also binds and modulates several other Ca2+ channels. The N-terminal and C-terminal 

cytoplasmic regions of PC2 bind the RyR2 (ryanodine receptor 2) [72], the predominant 

Ca2+ release channel expressed in cardiac muscle. Interestingly, the C-terminal region of 

PC2 only binds to the RyR2 in its open state, inhibiting RyR2 channel activity in the 

presence of Ca2+. This modulatory effect of PC2 explains the increase in the frequency of 

spontaneous Ca2+ oscillations and decrease in Ca2+ content in sarcoplasmic reticulum stores 

of cardiomyocytes of PKD2 null mice [72]. The same inhibitory effect of PC2 is observed in 

the interaction between PC2 and Piezo1, a mechanosensitive ion channel protein. The N-

terminal domain of PC2 interacts with Piezo 1 and inhibits the Piezo1-dependent stretch-

activated ion channel (SAC) activity in renal tubular epithelial cells [73]. Interestingly, 

overexpression a PC2 mutant lacking the C-terminal (PC2-740X) produces a large decrease 

in the amplitude of the Piezo1/SAC currents [73]. In the cilia, PC2 interacts and colocalizes 

with TRPV4, Transient Receptor Potential cation channel subfamily V member 4, a Ca2+-

permeable nonselective cation channel, forming a mechano- and thermosensitive molecular 

sensor in the cilia [74]. PC2/TRPV4 forms a divalent cation-permeable non-selective ion 

channel with distinct biophysical, pharmacological, and regulatory profiles when compared 

to either PC2 or TRPV4 channels. Epidermal growth factor (EGF) can stimulate the PC2/

TRPV4 channel through the EGF receptor (EGFR) tyrosine kinase- dependent signaling 

[75]. PC2 and TRPC1 (transient receptor potential channel 1, a Ca2+-permeable nonselective 

cation channel) also can assemble to form a channel. PC2/TRPC1 localizes to the primary 

cilia and plasma membranes and is activated by G-protein-coupled receptors [76].

In addition to forming a Ca2+ channel and regulating Ca2+ fluxes, PC1 and PC2 regulate the 

ER Ca2+ stores. A fragment of 100 kDa from PC1 C-terminal cleavage binds to the Ca2+-

sensor stromal interaction molecule 1 (STIM1) and inhibits the translocation of STIM1 to 

the cell periphery, which significantly reduces the store operated Ca2+ entry (SOCE) [77]. 

PC1 expression also increases the interaction between STIM1 and InsP3R, inhibiting Ca2+ 
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release [78]. In PC2-KO cholangiocytes, the interaction of STIM-1 with Orai channel (Ca2+ 

release-activated Ca2+ channel protein 1) is uncoupled. Cytoplasmic and ER- Ca2+ levels are 

decreased and SOCE is inhibited, whereas the expression of STIM1 and Orai1 are 

unchanged [79]. All these functions of PC1 and PC2 related to modulating the Ca2+ 

machinery activity provide insight into the importance of the polycystins for the Ca2+ 

signaling. Defects in PC1 or PC2 lead to a decrease in Ca2+ release from ER stores, 

lowering the cytoplasmic Ca2+ concentration and consequently disrupting Ca2+ homeostasis 

in ADPKD.

4. Polycystins and cell survival and apoptotic pathway signaling

A link between polycystins and cell survival and cell death has been proposed since 2000. 

The rates of apoptosis and proliferation are decreased in MDCK cells transfected with full-

length human PC1 cDNA (PC1 overexpression – PC1-OE) and these cells preferentially 

form tubule structures instead of cysts in 3D culture [80]. PC1-OE causes growth arrest in 

G0/G1, that can be explained by a significant increase in the level of expression of p21, a 

Cyclin-dependent kinase 2 (Cdk2) inhibitor. The growth inhibitory signals are transmitted by 

PC1 via direct activation of the JAK-STAT pathway [81]. Conversely, depletion of PC1 

causes increases in cyclin A expression and cell proliferation, as well as downregulates p53 

expression, a tumor suppressor protein that activates p21 transcription [82, 83]. In agreement 

with PC1 downregulation results, the overexpression of the PC1 cytoplasmic domain tagged 

to the plasma membrane showed an increase of cell proliferation through phospholipase C 

(PLC), protein kinase C alpha (PKCα) and extracellular signal–regulated kinase 1/2 

(ERK1/2) activation, thereby upregulating D1 and D3 cyclin, downregulating p21 and p27, 

and thus inducing cell cycle progression from G0/G1 to the S phase [84]. Together, these 

results suggest that PC1 acts as a G1 checkpoint, which controls entry into the S phase.

The proposed function of the polycystins as regulators in cell-cycle progression is also 

supported by the observation that cystic-lining epithelial cells show chromosomal 

abnormalities. Loss of PC1 produces centrosome amplification and multipolar spindle 

formation. These events lead to genomic instability, micronucleation, chromatin bridges and 

aneuploidy [85]. In endothelial primary cells from embryos of PKD1 and PKD2 null mice, it 

was found that down-regulation of survivin, a protein involved in coordinating proper 

chromosomal events during mitosis, contributes to these abnormalities, which further results 

in cell polyploidy [86]. Polycystins also modulate several signaling cascades related to 

survival, apoptosis and autophagy, as summarized in Figure 2 and discussed below.

4.1 cAMP and MAPK signaling

In vitro and in vivo studies have shown that epithelial cells with mutations in polycystin 

genes lack a balance between Ca2+ and cAMP (cyclic adenosine monophosphate) signaling 

[55]. This lack of balance is proposed to be the cause of the change in the phenotype of 

ADPKD cells from an absorptive and quiescent state to secretory and proliferative state [7]. 

The secretory phenotype in ADPKD cyst-lining cells can be explained by the activation of 

protein kinase A (PKA) signaling, a cAMP-dependent protein kinase that leads to the 

hyperactivation of the chloride channel cystic fibrosis transmembrane conductance regulator 
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(CFTR), and to phosphorylation and translocation of aquaporin 2 (AQP2), a water channel, 

to the apical plasma membrane [7, 55]. As for the proliferative phenotype, the upregulation 

of the MAPK pathway partially explains the increase of mitotic rates in ADPKD cyst-lining 

cells. Overexpression of the PC1 C-terminal in epithelial cells converts the phenotype from 

one in which cell proliferation is inhibited by cAMP to one in which mitosis is stimulated by 

cAMP [87, 88]. This change in the phenotype can be attributed to disruption of intracellular 

Ca2+ mobilization, because epithelial cells treated with Ca2+-lowering reagents (Ca2+ 

channel blockers or EGTA) or transfected with polycystin-1 C-terminal fragment showed a 

cAMP-dependent activation of B-Raf and ERK, which are normally inhibited by Akt in a 

phosphatidylinositol-3-kinases (PI3K)- and Ca2+- dependent manner [88]. The same 

phenotype switch was also observed in ADPKD renal epithelial cells with germline 

mutations in PC1 [89]. In accordance with these observations, a reduction of adenylyl 

cyclase 6 (AC6) expression with the purpose to reduce cAMP formation markedly decreases 

kidney size and cystogenesis in a PC1 collecting duct-specific knockout mice model, 

improving renal function, reducing activation of the B-Raf/ERK/MEK pathway, and 

increasing proliferation and survival [90]. Taken together, the increase in cell proliferation 

and fluid secretion can be attributed to the intracellular Ca2+ and cAMP changes promoted 

by polycystin mutations, which trigger the B-Raf/MEK/ERK signaling cascade. These 

changes contribute to kidney cyst development, as seen in ADPKD.

4.2 Wnt signaling

Wnt signaling is a critical component during embryonic development and also plays an 

important role in regulating adult tissue homeostasis. Canonical Wnt signaling, a cascade 

pathway that regulates proliferation, survival and apoptosis through a variety of mechanisms 

[91], is modulated by PC1 and PC2. Overxpression of the cytoplasmic domain of PC1 

tagged to the membrane decreases the glycogen synthase kinase 3 (GSK-3) activity and, 

consequently, elevates total β-catenin steady-state protein levels, by suppressing β-catenin 

ubiquitination and degradation. Increasing of transcriptional activity of XWnt8, XDsh, rFz2, 

and β-catenin, is related to PC1 expression [92]. In addition to the inhibition of GSK-3, the 

overexpression of C-terminal fragment of PC1 tagged to the membrane also activates Wnt 

signaling by increasing the degradation of Jade-1, a ubiquitin ligase responsible for β-

catenin ubiquitination. ADPKD-associated PC1 mutants failed to regulate Jade-1 [93]. 

Recently, it was suggested that the PC1/PC2 complex acts either as a direct or indirect 

receptor to Wnt. Wnt3A and Wnt9B bind to the extracellular domain of PC1 and induce 

whole-cell currents and Ca2+ influx that depend on PC2. Conversely, pathogenic PKD1 or 

PKD2 mutations that abrogate PC1/PC2 complex formation suppress activation by the Wnts 

[94]. However, an inhibitory effect of PC1 C-terminal domain in Wnt signaling has also 

been described. The last 200 amino acids of the C-terminus of PC1, PC1-P200, binds to β-

catenin in the nucleus, inhibiting the ability of β-catenin to activate T-cell factor (TCF) -

dependent gene transcription, a major effector of the canonical Wnt signaling pathway [95]. 

These findings demonstrate that polycystins can directly modulate Wnt signaling, which 

contributes to cyst formation and development suggesting that the Wnt pathway contains 

promising targets for treating ADPKD patients.
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4.3 JAK/STAT signaling

The JAK-STAT signaling pathway transmits information from extracellular chemical signals 

to the nucleus resulting in DNA transcription and expression of genes involved in immunity, 

proliferation, differentiation and apoptosis [96]. The JAK-STAT signaling pathway is also 

upregulated in ADPKD. Cyst-lining cells in ADPKD exhibit elevated levels of nuclear 

STAT-1, -3 and -6, and consequently STAT-dependent gene expression. For example, the 

transcriptional activity of STAT1 is increased in renal tubular epithelial cells overexpressing 

a 30-kDa peptide sequence of the PC1 C-terminal domain (PC1-P30), via JAK2 

phosphorylation [97]. With STAT3, PC1 can regulate its activity by both a direct and an 

indirect mechanism. Overexpression of the PC1 C-terminal domain tagged to the membrane 

can directly activate STAT3 in a JAK2-dependent manner, leading to tyrosine 

phosphorylation and transcriptional activity, whereas the overexpression of the soluble C-

terminal domain of PC1 can indirectly activate STAT3 using a mechanism requiring STAT 

phosphorylation by cytokines or growth factors, resulting in an exaggerated cytokine 

response [98]. The soluble PC1-P30 C-terminal fragment of PC1 can also activate STAT3 

via Src signaling. PC1-P30 interacts with the non-receptor tyrosine kinase Src, resulting in 

Src-dependent activation of STAT3. Interestingly, this STAT3 activation mechanism is 

independent of JAK family kinases and amplified by the EGFR or cAMP signaling [99]. 

STAT6 normally localizes to primary cilia of renal epithelial cells, and translocates to the 

nucleus after cessation of apical fluid flow. However, in cyst-lining cells from ADPKD, the 

levels of STAT6, P100 (a STAT6 coactivator), and the soluble PC1 C-terminal domain are 

constitutively elevated in the nucleus. The soluble PC1 C-terminal fragment interacts with 

the transcription factor STAT6 and the coactivator P100, and it stimulates STAT6-dependent 

gene expression [100]. Pharmacological inhibition of STAT6 or backcrossing of STAT6-null 

mice with PC1-deficient mice leads to a significant inhibition of proliferation and cyst 

growth, and preservation of renal function [101]. Therefore, the ability of PC1 to regulate 

STAT proteins may ultimately lead to therapeutic approaches by targeting the aberrantly 

activated Jak/STAT pathway in ADPKD.

4.4 Hippo signaling

Altered activity of Hippo signaling, a pathway involved in organ size control as a 

consequence of its regulation of proliferation and survival [102], is described in renal tissues 

from human ADPKD patients. The transcriptional co-activator Yes-associated protein 

(YAP), the final effector molecule of the Hippo pathway, is primarily localized in the 

nucleus of PKD1 knockout cyst-lining cells, and consequently, YAP targets are also up-

regulated in cystic cells [103]. The Hippo pathway can also be modulated in ADPKD by the 

upregulation of cAMP signaling. PKA stimulates Lats1/2, serine/threonine kinases that 

phosphorylate and inactivate YAP [104]. These initial studies provide some insight into 

Hippo signaling in ADPKD, yet the pathophysiological implications of a dysregulation of 

this cascade remain poorly understood.

4.5 Scr signaling

Scr signaling, which is associated with cell proliferation, matrix adhesion, motility, and 

survival in tumors, is increased in cyst-lining autosomal dominant polycystic kidney disease 
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(ADPKD) epithelial cells in human and mouse ADPKD. In vitro studies on mouse inner 

medullary collecting duct (mIMCD) cells and human ADPKD cyst-lining epithelial cells 

showed that a specific inhibitor of pY418-Src inhibits epithelial cell proliferation, decreases 

adhesion of mIMCD and human ADPKD to extracellular collagen matrix. In vivo, the 

inhibitor of pY418-Src retards renal cystic phenotype of PDK1 heterozygous mice [105]. 

Because of the promising preclinical results with Src inhibitor, a phase 2 trial 

(NCT01233869) is being conducted to test the safety and efficacy of Src inhibition in 

ADPKD patients [106].

4.6 JNK signaling

Jun N-terminal kinases (JNKs) belong to the superfamily of MAP-kinases involved in the 

regulation of cell proliferation, differentiation, and apoptosis [107]. The ovexpression of the 

PC1 C-terminal domain tagged to the membrane leads to JNK signaling activation via Gα 
and Gβ subunits of heterotrimeric G proteins, and consequently triggers the activation of the 

transcription factor of activator protein 1 (AP-1), specifically c-Jun and activating 

transcription factor (ATF2), that modulates a variety of cellular programs including 

apoptosis [108–110]. This constitutive activation of various AP-1 components occurs in 

ADPKD [111]. JNK activation, together with an increase in apoptosis, is also observed in 

PC1-silenced MDCK cells stimulated with thrombin, whereas full length PC1 

overexpression shows the opposite effect [112]. Overexpression of PC2 also stimulates the 

phosphorylation of c-Jun and the induction of AP-1 activity through activation of JNK1 and 

p38, by PKCε-dependent mechanism. The expression of the C-terminal domain of PC1 

tagged to the membrane dramatically augments PC2-mediated AP-1 activity [113]. It is 

possible that the high rates of apoptosis seen in ADPKD cyst-lining cells is primarily a 

consequence of JNK cascade activation.

4.7 mTOR signaling

mTOR (mechanistic target of rapamycin) is a serine/threonine kinase, member of the PI3K-

related kinase superfamily, and involved in regulating cell cycle progression, translational 

control, ribosomal biogenesis, and cellular energy responses [114]. The mTOR pathway is 

inappropriately activated in cyst-lining epithelial cells in human ADPKD patients and mouse 

models [115]. It was suggested that PC1 modulates mTor signaling by inhibiting Tuberous 

Sclerosis Complex 2 (TSC2) degradation, a gatekeeper for mTOR activity. This suggestion 

is based upon the observation that overexpression of full length PC1 downregulates mTOR 

effectors, S6K1 and 4EBP1 via TSC2-dependent manner [116]. It also was described that 

the C-terminal domain of PC1 tagged to the membrane directly interacts with and protects 

TSC2 from Akt phosphorylation at S939, retaining TSC2 at the membrane to inhibit the 

mTOR pathway. Expression of the C-terminal domain of PC1 also decreases binding of 

14-3-3 proteins to TSC2 and increases the interaction between TSC2 and its activating 

partner TSC1 [117].

Despite of the abnormal mTOR signaling activation in ADPKD, sirolimus, a mTORC1 

inhibitor, failed to slow kidney cyst growth in clinical trials. In addition to the lack of 

tolerance and poor tissue distribution of the drug, the poor performance of sirolimus can be 

explained by its selective inhibition activity on mTORC1 and its minimal effect on 
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mTORC2 [106]. In a PKD2 knockout mouse model, both mTORC1 and mTORC2 markers 

(pS6 and pAktSer473, respectively) are increased, suggesting that an inhibitor that targets 

both molecules is needed. The treatment with mTOR anti-sense oligonucleotides for 

mTORC1 and mTORC2 significantly decreases S6 and Akt phosphorylation, proliferation 

and apoptosis of tubular epithelial cells, as well as cyst volume [118]. Therefore, the mTOR 

pathway inhibition should still be a top contender as a potential therapeutic approach for 

ADPKD, primarily based upon the new findings that relate cyst development and 

impairment of autophagy.

5. Polycystins and autophagy

Autophagy, an adaptation mechanism for cellular homeostasis in response to various stress 

conditions, was recently reported as decreased in ADPKD. The downregulation of 

autophagy in ADPKD can be partially explained by crosstalk between ciliogenesis and 

autophagy (for reviews, see [119, 120]). Nutrient deprivation, a well-known autophagy 

stimulus, was also identified as an activator of primary cilia formation by causing the 

degradation of oral-facial-digital syndrome 1 (OFD1), a protein related to ciliogenesis [121]. 

In contrast, the lack of autophagy-related protein (Atg) 5 or Atg3 showed an accumulation 

of OFD1, leading to fewer and shorter primary cilia [121]. Conversely, disruption of 

autophagosome synthesis was observed in cells lacking several cilia proteins, such as the 

intraflagellar transport protein (IFT) 20 and IFT88. Specifically, IFT20 was identified as a 

common component for both ciliogenesis and starvation-induced autophagosome formation 

[122]. Together, these studies support the hypothesis that autophagy is downregulated in 

conditions in which there is a defective ciliogenesis, such as ADPKD.

In addition to a cilia-depended decrease of autophagy, several studies directly related the 

polycystins to the autophagy. The first report of impaired autophagy in PC1-deficient cells 

demonstrated that glucose deprivation results in higher apoptotic rates in PKD1-mutant cells 

instead of autophagy, an event that is normally activated in normal cells to survive the stress 

stimuli [123]. This inhibition of autophagy-signaling in PC1-deficient cells is partially 

dependent on the mTOR pathway, one of the main regulators of autophagy. Treatment of 

PKD1-null cells with rapamycin partially restores autophagy and cell survival under glucose 

deprivation [123]. In support of these in vitro data describing the lack of autophagy in PC1-

deficient cells, it was found that zebrafish mutants for pkd1a, a gene orthologue of 

mammalian PKD1, and kidney epithelial cells derived from both PKD1-null mice and 

ADPKD patients have an impaired autophagic flux and mTOR upregulation. The inhibition 

of autophagy by knocking down Atg5, the core autophagy protein, promotes cystogenesis, 

whereas pharmacological activation of autophagy, including the use of mTOR-dependent 

rapamycin or mTOR-independent carbamazepine and minoxidil, markedly attenuated cyst 

formation and restored kidney function in the zebrafish pkd1a model [124].

The involvement of PC2 in autophagy has also been described. In kidney epithelial cells, 

autophagy can be induced by fluid flow after activation of the primary cilium [125]. Primary 

cilium-dependent autophagy is hypothesized to be triggered either by Liver Kinase B1 

(LKB1)–AMP-activated protein kinase (AMPK)–mTOR inhibition (noncanonical m-TOR 

pathway) or by a mechanism dependent on the PC2 channel. In PC2-deficient cells, the 
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activation of autophagy after fluid flow stimuli is impaired, indicating that PC2, most 

probably in a complex with polycystin 1, stimulates autophagy [125]. These reports show 

that suppression of autophagy is important in cyst formation and growth and suggests that 

the induction of autophagy as a potential therapuitc approach for ADPKD.

5. Conclusion

In this review, a large body of evidence was accumulated showing that the polycystins play a 

key role in cell fate, especially cell differentiation, proliferation, survival and apoptosis, and, 

more recently, autophagy. In addition to decreases in Ca2+ signaling, several other signaling 

cascades are directly or indirectly modulated by PC1/PC2, including cAMP, MAPK, Wnt, 

JAK-STAT, Hippo, Src, and mTOR. This large number of distinct pathways related to the 

polycystins confirms the complexity of the ADPKD pathophysiology, as well as highlight 

the challenges to develop pharmacological therapies for this multi-organ disease.
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Abbreviation

PC1 polycystin-1

PC2 polycystin-2

ADPKD autosomal dominant polycystic kidney disease

PKD1 PC1 gene

PKD2 PC2 gene

ESRD end stage renal disease

Ca2+ calcium

cAMP Cyclic adenosine monophosphate

MAPK mitogen-activated protein kinase

mTOR mechanistic target of rapamycin

JAK Janus kinase

STAT Signal Transducer and Activator of Transcription

Gi and Go heterotrimeric G protein subunits

P200 last 200 amino acids of the PC1 C-terminal domain

Kif3a kinesin-like protein
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Ift20 intraflagellar transport protein 20 homolog

KO knockout

TRPP2 transient receptor potential cation channel, subfamily P, member 2

ER endoplasmatic reticulum

InsP3R inositol triphosphate receptor

t1/2 half-decay time

InsP3 inositol triphosphate

RYR2 ryanodine receptor 2

SAC stretch-activated ion channel

TRPV4 Transient Receptor Potential cation channel subfamily V member 4

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

TRPC1 transient receptor potential channel 1

STIM1 stromal interaction molecule 1

SOCE store operated calcium entry

OE overexpression

3D tridimensional

cdk2 Cyclin-dependent kinase 2

PLC phospholipase C

PKCα protein kinase C alpha

ERK1/2 extracellular signal–regulated kinase 1/2

PKA protein kinase A

CFTR chloride channel cystic fibrosis transmembrane conductance regulator

AQP2 aquaporin 2

PI3K phosphatidylinositol-3-kinase

AC6 adenylyl cyclase 6

GSK glycogen synthase kinase

TCF T-cell factor

YAP Yes-associated protein
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mIMCD mouse inner medullary collecting duct

AP-1 activator protein 1

ATF2 activating transcription factor

TSC2 Tuberous Sclerosis Complex 2
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Highlights

1. Polycystins form a heteromeric molecular complex important for calcium 

homeostasis.

2. Mutations in polycystins cause polycystic kidney disease (ADPKD).

3. Cyst-lining kidney epithelium show an increase in proliferation and apoptosis 

and a decrease in autophagy.

4. Polycystins modulates several signaling cascades related to cell fate.
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Fig. 1. Polycystins lead to autosomal dominant polycystic disease
Genetic mutations in PC1 or PC2 affect many signaling cascades, causing progressive cyst 

growth in the kidney, leading to a dysfunctional polycystic kidney.
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Fig. 2. Diagram representing signaling cascades involved in cell survival and cell death that are 
de-regulated in ADPKD
Proteins of related to Ca2+ signaling, cyclic adenosine monophosphate (cAMP), mitogen-

activated protein kinase (MAPK), Wnt, Janus kinase (JAK) and Signal Transducer and 

Activator of Transcription (STAT), Hippo, Src, and mechanistic target of rapamycin (mTOR) 

cascades are represented in the diagram. Ca2+, calcium; PC1, polycystin-1; PC2, 

polycystin-2; GSK, glycogen synthase kinase; TSC, Tuberous Sclerosis Complex; InsP3R, 

inositol triphosphate receptor; RYR, ryanodine receptor; TRPV4, Transient Receptor 

Potential cation channel subfamily V member 4; TRPC1, transient receptor potential 

channel 1; STIM1, stromal interaction molecule 1; YAP, Yes-associated protein.

Lemos and Ehrlich Page 23

Cell Calcium. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	1. Introduction
	2. Polycystins
	2.1 Polycystin 1
	2.2 Polycystin 2

	3. Polycystins and Ca2+ signaling
	4. Polycystins and cell survival and apoptotic pathway signaling
	4.1 cAMP and MAPK signaling
	4.2 Wnt signaling
	4.3 JAK/STAT signaling
	4.4 Hippo signaling
	4.5 Scr signaling
	4.6 JNK signaling
	4.7 mTOR signaling

	5. Polycystins and autophagy
	5. Conclusion
	References
	Fig. 1
	Fig. 2

