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Autosomal-dominant polycystic kidney disease (ADPKD) is a disease of defective tissue
homeostasis resulting in active remodeling of nephrons and bile ducts to form fluid-filled
sacs called cysts. The causal genes PKD1 and PKD2 encode transmembrane proteins poly-
cystin 1 (PC1) and polycystin 2 (PC2), respectively. Together, the polycystins localize to the
solitary primary cilium that protrudes from the apical surface of most kidney tubule cells and
is thought to function as a privileged compartment that the cell uses for signal integration of
sensory inputs. It has been proposed that PC1 and PC2 form a receptor-channel complex that
detects external stimuli and transmit a local calcium-mediated signal, which may control a
multitude of cellular processes by an as-yet unknown mechanism. Genetic studies using
mouse models of cilia and polycystin dysfunction have shown that polycystins regulate an
unknown cilia-dependent signal that is normally part of the homeostatic maintenance of
nephron structure. ADPKD ensues when this pathway is dysregulated by absence of poly-
cystins from intact cilia, but disruption of cilia also disrupts this signaling mechanism and
ameliorates ADPKD even in the absence of polycystins. Understanding the role of cilia and
ciliary signaling in ADPKD is challenging, but success will provide saltatory advances in our
understanding of how tubule structure is maintained in healthy kidneys and how disruption
of polycystin or cilia function leads to the pathological tissue remodeling process underlying
ADPKD.

Autosomal dominant polycystic kidney dis-
ease (ADPKD) is one of the most common

human monogenic diseases with an occurrence
of �1:1000 live births and more than 12 million
people worldwide meeting radiographic diag-
nostic criteria for the disease. ADPKD patients
develop cysts in the kidney that typically be-
come clinically apparent by the fourth decade
of life and increase in number and size over
time, culminating in end-stage renal disease

(ESRD) in �50% of affected individuals in
the sixth decade. Extrarenal cystic manifesta-
tions of ADPKD commonly include liver cysts,
which arise from bile ducts. In the United
States, 4%–5% of the prevalent ESRD popula-
tion has ADPKD, which represents a significant
burden to the patients, their families, and the
health-care system. There are currently no ap-
proved therapies specifically targeting ADPKD
in the United States.
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The causal genes for ADPKD are PKD1 and
PKD2, encoding polycystin 1 (PC1) and poly-
cystin 2 (PC2), respectively (The European
Polycystic Kidney Disease Consortium 1994;
The International Polycystic Kidney Disease
Consortium 1995; Mochizuki et al. 1996). PC1
and PC2 are multimembrane-spanning pro-
teins that interact with each other through
their respective carboxy-terminal coiled-coil
domains (Qian et al. 1997). Mature forms of
both proteins localize to the primary cilium, a
minute membrane-encased microtubule-based
structure that protrudes from the apical sur-
face of kidney tubule epithelial cells (Pazour
et al. 2002; Yoder et al. 2002) that is used by
cells as a sensory organelle for signal integra-
tion. Mutations in PKD1 account for �78% of
ADPKD cases, mutations in PKD2 account for
the �15% of cases, and the remaining 7%–8%
of cases have no mutation detected in either
gene (Audrezet et al. 2012; Heyer et al. 2016).
PC1 is a 4302-amino-acid protein consisting
of a large �3000-amino-acid extracellular
domain, 11 transmembrane domains, and an
intracellular carboxyl terminus. PC1 under-
goes autoproteolytic G-protein-coupled recep-
tor proteolytic site (GPS) cleavage in the endo-
plasmic reticulum (ER) (Qian et al. 2002; Yu
et al. 2007), which requires the structural in-
tegrity of the GPCR autoproteolysis-induc-
ing (GAIN) domain (Arac et al. 2012; Tesmer
2012). This generates an amino-terminal frag-
ment (PC1–NTF) and a carboxy-terminal frag-
ment (PC1–CTF) that remains associated and
they traffic together to the primary cilium (Cai
et al. 2014; Kim et al. 2014; Gainullin et al.
2015). Additional subcellular locations have
been reported for PC1 at the apical membrane
and the lateral membrane, as well as in desmo-
somes (Ibraghimov-Beskrovnaya et al. 1997;
Scheffers et al. 2000; Chapin et al. 2010).

PC2 has been described as a nonselective
calcium permeable cation channel belonging
to the transient receptor potential (TRP) chan-
nel family (Koulen et al. 2002), although direct
measurement of its wild-type channel proper-
ties has not yet been achieved (DeCaen et al.
2013; Delling et al. 2013). PC2 has six trans-
membrane domains with a cytoplasmic NH2-

and carboxyl termini. The carboxyl terminus
contains a coiled-coil domain that facilitates
its interaction with PC1 (Tsiokas et al. 1997)
and an EF-hand for calcium binding (Mochi-
zuki et al. 1996; Celic et al. 2008). The amino
terminus contains an RVxP motif that is impor-
tant for targeting PC2 to the cilium (Geng et al.
2006). The carboxyl terminus contains a puta-
tive interaction domain that retains PC2 in the
ER (Cai et al. 1999), and interaction with PC1 is
required for full-length PC2 to leave the ER and
reach the cilium (Kim et al. 2014; Gainullin et al.
2015). PC2 is serine/threonine phosphorylated
in the carboxyl terminus and the phosphoryla-
tion changes the calcium activation properties
of the channel measured in lipid bilayers and
the trafficking of PC2 in cultured cells (Cai et
al. 2004; Kottgen et al. 2005; Plotnikova et al.
2011; Streets et al. 2013). The in vivo physiolog-
ical role of PC2 phosphorylation, including its
potential role in the pathogenesis of ADPKD,
remains to be determined.

ADPKD is typically transmitted as a domi-
nant trait by loss-of-function alleles in PKD1 or
PKD2. Cyst initiation in ADPKD generally oc-
curs by somatic “second-hit” mutations that
inactivate the normal copy of the respective dis-
ease gene rendering it recessive at the cellular
level (Qian et al. 1996; Watnick et al. 1998; Wu
et al. 1998; Pei et al. 1999). Because the second
hits are stochastic and can occur throughout
life and throughout the kidney, cysts are focal
and varied in size. This may, in part, account for
the substantial intrafamilial clinical variation
in ADPKD families, although genetic modifiers
may also contribute to clinical variation. Reces-
sive inheritance of hypomorphic PKD1 alleles
has been reported with clinical presentation of
more homogeneous polycystic kidneys (Ros-
setti et al. 2009). Polycystic kidney disease pro-
gresses more rapidly in PKD1 patients than
PKD2 patients. Individual cysts grow exponen-
tially (Grantham et al. 2006). The rate of cyst
growth in PKD1 and PKD2 are similar and the
difference in severity is largely accounted for by
the presence of more cysts early in life of PKD1
compared with PKD2 patients (Harris et al.
2006). This implicates cyst initiation, rather
than cyst expansion, as the main determinant
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of disease progression rate (Grantham et al.
2008). Because the PKD1 coding sequence is
four times as long as that of PKD2, it is expected
to sustain more second hits contributing to in-
creased cyst initiation events.

Rather than being an all-or-none phenom-
enon, cyst formation has been shown to be a
continuum that is dependent on the degree of
functional impairment of PC1, which serves as
the rate limiting step in the PC1–PC2 complex
(Fedeles et al. 2011, 2014). The functional dos-
age of PC1 (and PC2) in human polycystic dis-
eases can be modulated by several factors. The
most extreme level is total loss of function,
which occurs when both the germline PKD
gene mutation and the second hit mutation re-
sult in complete loss of functional polycystin
protein. A subset of germline nonsynonymous
amino-acid substitution mutations in PC1 have
reduced but not absent function (i.e., hypomor-
phic alleles), and these result in a milder course
for ADPKD (Hopp et al. 2012; Cornec-Le Gall
et al. 2013; Heyer et al. 2016). These hypomor-
phic alleles typically produce intact PC1 protein
that may be relatively deficient in one of several
putative functions. Changes that may lead to
reduced function include relative decrease in
the steady-state expression of PC1, defects in
cleavage at the GPS, or impaired trafficking to
cilia (Fedeles et al. 2011; Hopp et al. 2012;
Cai et al. 2014). These features may not be en-
tirely independent. For example, a recent study
showed that mutations in the GAIN domain
that abrogate GPS cleavage also impair cilia traf-
ficking both in vivo and in vitro (Cai et al.
2014). Mutations in amino-terminal domains
that do not affect GPS cleavage can nonetheless
impair cilia trafficking, whereas mutations in
the extracellular IgG-like PKD domains allow
both cleavage and trafficking to cilia yet still
result in a loss of function (Cai et al. 2014).

Other factors have also been shown to affect
cyst growth. Cysts generated in utero grow ex-
traordinarily fast as evidenced by monitoring
cyst volume of individual cysts using magnetic
resonance for more than 3 years (Grantham
et al. 2010). Similarly, mouse genetic models
of ADPKD show that cyst growth rates are
much faster when Pkd gene inactivation occurs

during kidney development than when it oc-
curs in adult kidneys (Piontek et al. 2007). Dif-
ferent cell types and nephron segments in the
kidney also have different cyst growth poten-
tial. Collecting duct cysts develop much faster
and predominate over cysts originating in other
nephron segments (Wu et al. 1998; Shibazaki
et al. 2008; Fedeles et al. 2011). Although most
models showing this rely on Cre recombinase–
mediated gene inactivation, predominance of
collecting duct cysts was also observed in
Pkd2ws25/ – mice (Wu et al. 1998). This model
has an unstable allele that undergoes stochastic,
rather than enzymatic, somatic inactivation,
which eliminates any bias introduced by acti-
vity properties of the latter. Evidence suggests
that collecting duct cysts also predominate in
human ADPKD (Torres et al. 2012).

A UNIFYING THEORY OF CILIARY
DYSFUNCTION UNDERLIES CYST
FORMATION?

Cilia structural and compositional abnormali-
ties underlie a wide range of recessive fibrocystic
genetic diseases including nephronophthisis,
Joubert syndrome, Meckel–Gruber syndrome,
and Bardet–Biedl syndrome (Gerdes et al. 2009;
Hildebrandt et al. 2011). These diseases are col-
lectively termed “ciliopathies” and have pleio-
tropic manifestations in many organs, including
fibrosis and cyst formation in the kidney and
liver. It is important to note that all of the cil-
iopathies are recessively inherited. The primary
cilium is a pivotal organelle for the pathogenesis
of cystic kidney diseases. Almost all eukaryotic
cells have a primary cilium. The cilium is con-
nected with transition zone and basal body,
which functionally separate the cilia compart-
ment and its overlying membrane from the rest
of the cell body and apical membrane of epithe-
lial cells. Signaling molecules express on the cil-
iary membrane and mediate sensory signal in-
puts to detect and transmit stimuli from outside
the cell (Menco et al. 1997; Corbit et al. 2005;
Rohatgi et al. 2007). The protein products of
many ciliopathy disease genes localize to the
cilia–basal body complex (Hildebrandt et al.
2009; Jin et al. 2010; Garcia-Gonzalo et al.
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2011; Sang et al. 2011). Recessive fibrocystic kid-
ney phenotypes can be produced by genetic
models that result in total loss of cilia (Lin
et al. 2003; Weatherbee et al. 2009), in structural
abnormalities of cilia (Bielas et al. 2009; Cui
et al. 2011), and disturbance of membrane pro-
tein composition in cilia (Nishimura et al. 2004;
Eichers et al. 2006; Garcia-Gonzalo et al. 2011).
These data led to a unifying hypothesis that the
mechanism of cyst formation in different genet-
ic diseases is a result of cilia dysfunction, includ-
ing abnormalities in cilia structure, composi-
tion, and signaling (Watnick and Germino
2003; Hildebrandt and Otto 2005; Hildebrandt
and Zhou 2007). In this formulation, the de-
tailed molecular mechanisms for individual
diseases were lacking, and it was hard to know
whether the exact function of cilia for each dis-
ease was independent of the others or had a
more complex relationship.

Although cysts share some similarities
across all polycystic kidney and liver diseases,
the histopathological features and cellular
events associated with the different diseases
are not identical. The ADPKD cysts are focal
and originate from all segments of the nephron.
The autosomal recessive polycystic kidney dis-
ease cysts are fusiform and originate exclusively
in the collecting duct. Kidney cysts in nephro-
nophthisis are typically located in the cortico-
medullary junctional region and are associated
with extensive fibrosis at earlier stages (Hilde-
brandt and Zhou 2007). Epithelial cell prolifer-
ation is associated with cyst formation in mouse
models of ADPKD, whereas apoptosis is not
apparent in cyst-lining cells (Shibazaki et al.
2008; Ma et al. 2013). In kidney cysts of pcy
and jck mice, the respective genetic models of
Nphp3 and Nphp9, extensive apoptosis is ob-
served in addition to epithelial cell proliferation
(Omori et al. 2006; Smith et al. 2006). The dif-
ferent cellular events and histopathology asso-
ciated with the different cystic diseases imply
that distinct molecular mechanisms may un-
derlie cyst formation in different forms of dis-
ease. Furthermore, heterozygous carrier adults
for the ciliopathy disorders are typically asymp-
tomatic throughout life. Presumably, second
hits also affect the normal alleles in the adult

heterozygous ciliopathy gene carriers, but they
do not result in a discernible clinical phenotype
during adult life. Additionally, conditional ge-
netic removal of cilia in the kidney tubules of
rodents result in a cystic phenotype in both
early-onset and adult models (Lin et al. 2003;
Davenport et al. 2007), but cysts progress at a
much slower pace than in Pkd1 conditional mu-
tants models in which only a single cilia com-
ponent protein is removed (Piontek et al. 2007;
Shibazaki et al. 2008). ADPKD may be related to
ciliopathy disorders by virtue of the ciliary lo-
cation of the affected gene products, but it is
genetically and mechanistically distinct from
ciliopathies. Together, these and other findings
suggested that the mechanisms of ADPKD and
ciliopathies may be distinct.

CILIA STIMULATE CYST GROWTH
IN ADPKD MODELS

Experimental support for a distinct mechanis-
tic relationship between polycystins and cilia
came from studies showing that removing cilia
in mouse models of Pkd1 or Pkd2 inactivation
suppresses cyst growth (Ma et al. 2013). Condi-
tional mouse models in which cilia and either
Pkd1 or Pkd2 were inactivated in the same pop-
ulation of cells in kidney tubules and liver bile
ducts showed that removal of cilia suppresses
cyst growth in both early and adult-inactiva-
tion models in both organs (Ma et al. 2013).
Cilia-dependent cyst growth was applicable to
all nephron segments, including proximal tu-
bule, medullary thick ascending loop of Henle,
and collecting duct. Loss of polycystins results
in slow, but elevated, proliferation rates com-
pared with wild-type kidney tubule epithelia.
This increased proliferation is a marker for dis-
ease progression, but is likely not sufficient to
generate cysts as a forced expression of Cux1 in
cilia (Ift88) mutant kidney does not increase
cysts (Sharma et al. 2013). The increased prolif-
eration in ADPKD models is suppressed in cil-
ia–polycystin double mutants (Ma et al. 2013).
Transgenic overexpression of PC1 in vivo in a
cilia mutant did not have an impact on cystic
burden, suggesting that the cysts resulting from
cilia removal were independent of PC1 function
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(Ma et al. 2013; Wills et al. 2014). Finally, the
severity of the polycystic kidney disease in the
cilia–polycystin double knockouts is directly
correlated to the length of time between the
initial disappearance of polycystin protein and
the subsequent involution of preformed cilia
(Ma et al. 2013).

Together, these findings provide genetic
evidence for an unidentified ciliary sig-
nal(s) termed cilia-dependent cyst activation
(CDCA), which is dependent on intact cilia
for activity and is normally inhibited by the
functioning of polycystins (Fig. 1) (Ma et al.
2013). CDCA is presumably derepressed in a
regulated manner by the normal physiological
function of polycystins, although the nature of
this physiological role is unknown. Following
somatic second hit inactivation of polycystins,
CDCA becomes constitutively and pathologi-
cally derepressed if intact cilia persist, giving
rise to ADPKD (Fig. 1). The aggregate data in-
dicate that cilia-dependent cyst growth is a uni-
versal mechanism of cyst formation in ADPKD
because of mutations in Pkd1 and Pkd2. This
suggests that it is essential when testing thera-
peutic compounds for ADPKD to use ortholo-
gous models and to reasonably expect that an
effective preclinical intervention should work in
both early and late inactivation models, Pkd1
and Pkd2 models, all nephron segments, and
the bile duct as well.

WHAT DOES CDCA DO?

What may the physiological role of CDCA be?
One hypothesis may be that it is a dynamic
regulator of nephron tubule lumen diameter
and of nephron tubule epithelial cell morphol-
ogy (Fig. 1). Under normal conditions, PC1–
PC2-regulated CDCA achieves a dynamic bal-
ance to modulate tubule lumen diameter and
epithelial-lining cell shape under different phys-
iological conditions including, perhaps, altered
luminal flow rate or ligand binding. PC1 is the
rate limiting component for CDCA and likely
encodes a graded signal whose functional activ-
ity is dependent on the quantitative nature of
the signal input or PC1 dosage (Fedeles et al.
2011, 2014; Hopp et al. 2012). When PC1–PC2

signaling is attenuated below a certain threshold
by mutation (Fedeles et al. 2011; Hopp et al.
2012), inhibition of CDCA is chronically weak-
ened. Under normal conditions, polycystin-de-
pendent loss of inhibition is reversible when the
signal to reduce polycystin function is reversed.
In the case of chronically weakened of absent
polycystin function, the otherwise reversible
process becomes indolent and persistent and
tubules begin to remodel the surrounding base-
ment membranes and parenchyma with atten-
dant cell proliferation and change in morphol-
ogy eventually causing cysts to form.

MAMMALIAN HEDGEHOG SIGNALING
AND THE POTENTIAL COMPLEXITY
OF CDCA

The biggest challenge in understanding the cel-
lular molecular mechanisms of ADPKD is to
discover the specific local polycystin-regulated
signaling processes that occur in cilia. One par-
adigm for the operation of CDCA–polycystin
signaling in cilia may be found in the mam-
malian Hedgehog (Hh) signaling pathway, in
which cilia play an essential, but complex, role.
The molecular components of Hh signaling
were originally uncovered from a genetic screen
for segment polarity mutants in Drosophila
melanogaster larvae (Nusslein-Volhard and
Wieschaus 1980). Forward genetic screens in
the mouse identified the primary cilium to be
essential for the mammalian Hh pathway par-
ticularly in neural tubule patterning (Huangfu
et al. 2003). Almost all known conserved Hh
pathway components, including Patched1
(Ptch) (Rohatgi et al. 2007), Smoothened (Cor-
bit et al. 2005), Gli2, Gli3 (Huangfu and Ander-
son 2005), suppressor of fused (Sufu) (Haycraft
et al. 2005), and Kif7 (He et al. 2014), localize
to the cilia. In the absence of Hh ligand, Ptch
is expressed on primary cilia and the signaling
is shut off. When Hh ligand binds to ciliary
Ptch, Ptch exits the cilia, allowing Smoothened
to translocate into the cilia and transduce down-
stream signaling (Corbit et al. 2005; Rohatgi
et al. 2007). Cilia are also required for generating
the functional forms of downstream Gli pro-
teins, including generating the truncated func-
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PC1 PC2 Quiescent CDCA
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D
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Cell Tubule

Figure 1. Schematic illustration of polycystin 1 (PC1)–polycystin 2 (PC2)–cilia-dependent cyst activation
(CDCA) signaling. (A) The PC1–PC2 complex is expressed in cilia and maintains CDCA in a physiologically
regulated quiescent state with epithelial cells retaining a columnar shape and the tubule with normal lumen
diameter. Normal physiological input would adjust CDCA to physiological needs of cell shape, lumen mor-
phology, cell transport, metabolic properties, etc. WT, Wild type. (B) Reduced PC1 dosage in heterozygous cells
of autosomal-dominant polycystic kidney disease (ADPKD) patients may lead to weak constitutive activation of
CDCA and a modest steady-state change in cell shape (less columnar) and lumen diameter (increased). (C) Loss
of PC1 in the presence of intact cilia, the condition for cyst initiation in ADPKD, leads to inexorable activation of
CDCA, profound changes in cells to a more squamoid shape, low-level proliferation, active remodeling of
surrounding kidney parenchyma, and growth of cysts. Note that the images of cells and tubules (cysts) in panel
C are at a much lower illustrative “magnification” than A, B, or D. (D) Loss of cilia in the absence of PC1
markedly reduces the activation of CDCA and maintains cell shape and tubule lumen diameter in a more normal
range.
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tional repressor form of Gli3R (Haycraft et al.
2005; Huangfu and Anderson 2005). Primary
cilia have been shown to both mediate and sup-
press Hh pathway-dependent tumorigenesis
(Han et al. 2009; Wong et al. 2009). The primary
cilium does not participate in the signaling per
se; rather, it is a signal integration compartment
that positively and negatively regulates the sig-
naling events that are transduced (Goetz and
Anderson 2010; Ocbina et al. 2011). To draw
the analogy to Hh signaling, the normal physi-
ological function of PC1 and PC2 in cilia is an
inhibitory signal, like that of Ptch. Ptch mutants
result in unchecked activation of the Hh path-
way (Goodrich et al. 1997), whereas in Ptch-
cilia double mutants, this activation is attenu-
ated (Huangfu et al. 2003). This has parallels to
what is observed in polycystin mutants and
polycystin–cilia double mutant. Given the
complexity of the components of Hh down-
stream from Ptch, one may begin to get an ap-
preciation of the potential nuances of CDCA. A
critical step toward understanding CDCAwill be
the improved discovery of the other proteins
present in cilia (Mukhopadhyay et al. 2013;
Mick et al. 2015).

CYST FORMATION IN OTHER CILIOPATHIES
IN RELATION TO PC1–PC2–CDCA
BALANCE

The cystic phenotypes in nephronophthisis,
Joubert syndrome, Meckel–Gruber syndrome,
and Bardet–Biedl syndrome might be the result
of imbalance of CDCA–PC1–PC2 signaling
pathway in cilia. The gene products involved
for the recessive fibrocystic disorders in part
regulate structural architecture and composi-
tion of cilia and centrosomes through control
of trafficking of proteins in and out of these
compartments (Garcia-Gonzalo et al. 2011).
The animal models for the recessive ciliopathies
develop less severe cystic disease than ADPKD
models (Nishimura et al. 2004; Eichers et al.
2006; Omori et al. 2006; Davenport et al. 2007;
Weatherbee et al. 2009). Such an outcome may
be the result of compromised polycystin-medi-
ated inhibitory function resulting in modest
activation of CDCA as opposed to unchecked

activation of CDCA resulting in more aggressive
cyst growth in ADPKD models (Piontek et al.
2007; Shibazaki et al. 2008). The less severe kid-
ney disease observed in the recessive ciliopathy
models than that in ADPKD mouse models may
be analogous to the less severe neural tube dor-
soventral patterning defect seen in the cilia
structural mutants than in Ptch mutants (Goetz
and Anderson 2010).

Polycystins and ciliary CDCA components
are likely the cargo and targets of the transition
zone sorting and gating machinery subsumed
by some of the recessive ciliopathy gene prod-
ucts. It has been shown that some mutations in
ciliary gating machinery components result in
defective trafficking of ciliary membrane pro-
teins, including Smoothened and PC2 (Gar-
cia-Gonzalo et al. 2011). In this context, poly-
cystins and CDCA might not traffic sufficiently
to cilia and thus generate a slow forming cystic
phenotype. Interestingly PC1 is reported to in-
teract with BBS1, BBS4, BBS5, and BBS8 and
ciliary PC1 expression is reduced in BBS1
knockdown cells and BBS3 mutant cells (Su
et al. 2014). These findings support the possi-
bility that relative PC1 deficiency may underlie a
component of the cystic kidney phenotype in
Bardet–Biedl syndrome. Based on this hypoth-
esis, it would be expected the overexpression of
physiologically active PC1 would be able to ame-
liorate the kidney cystic phenotypes in some of
the recessive ciliopathy mutants in a manner
analogous to what has been shown for isolated
polycystic liver diseases (Fedeles et al. 2011).

CILIARY SIGNALING PATHWAYS
AS CANDIDATES FOR CDCA

The cilium is essential for the signal transduc-
tion of a number of signaling pathways, any of
which may be candidate pathways for CDCA.
There also exist a plethora of proteins that lo-
calize to the cilium, but whose roles in cilia
signal transduction are not fully understood.
CDCA may well be among these unknown path-
ways. Here, we briefly discuss the known cilia
associated signaling pathways and comment on
their roles as candidates for CDCA and ADPKD.
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Hedgehog Signaling

Recent studies have described genetic interac-
tion of the Hh signaling pathway with cystic
kidney diseases models. These findings raise
the question of whether Smoothened could be
a component of CDCA and could Hh signaling
modulate the CDCA–PC1–PC2 to control
ADPKD? Hh pathway transcriptional target
genes are elevated in Thm1 (IFT complex A)
and jck (Nphp9, Nek8) cystic kidneys and in
kidneys of an early inactivation model of Pkd1
(Tran et al. 2014). Reduced Gli2 activity slowed
cyst growth in the Thm1 mutant kidney. In
Pkd2l1 mutant cilia, where ciliary calcium sig-
naling is impaired as had been hypothesized
(but not shown) for PC1–PC2 mutants, Hh
agonist- mediated expression of Gli1 is reduced
and cilia tip localization of Gli2 is diminished
(Delling et al. 2013). Examination of the Pkd2l1
mutant mice shows low penetrance of a gut
looping chirality defect, a process dependent
on Hh signaling (Zhang et al. 2001; Delling
et al. 2013). Therefore, ciliary polycystin para-
logs and some recessive ciliopathy genes mod-
ulate ciliary Hh signaling. Nonetheless, the con-
tribution of Hh signaling to cyst formation in
ADPKD remains an open question that is worth
resolving, especially in adult-onset ADPKD
models. If inactivation of Hh pathway sup-
presses cyst growth in adult-onset ADPKD
models, this would suggest that Hh signaling
promotes cyst progression making it a candi-
date for CDCA.

cAMP

Elevated cAMP levels have been associated with
ADPKD, ARPKD ( pck), and NPHP ( pcy) ro-
dent models and vasopressin receptor 2 antag-
onist administration slows cyst growth in these
models (Gattone et al. 2003; Torres et al. 2004).
Moreover, a competitive vasopressin receptor
2 antagonist has undergone human clinical tri-
als with some reduction in kidney volume in
ADPKD patients (Torres et al. 2012), although
the drug has not been approved for use in
ADPKD in the United States. Studies have
shown that PC2 and phosphodiesterase 4C are
components of a ciliary A-kinase-anchoring

protein complex that is disrupted in the absence
of Pkd2 (Choi et al. 2011). Interestingly, condi-
tional inactivation of the cilia-expressed ad-
enylyl cyclase 6 (AC6) concomitantly with inac-
tivation of Pkd1 in the collecting duct reduces
cystic burden in an early-onset model of
ADPKD (Rees et al. 2014). These findings sug-
gest that further studies are needed to evaluate
whether AC6 and cAMP inhibition are also ef-
fective in other nephron segments, in adult-on-
set models and in other organs like liver—fea-
tures that would suggest they may be central to
CDCA in ADPKD. Even if that is not the case,
because a large portion of cysts in human
ADPKD are derived from the collecting duct
in which cAMP activation has been observed,
blocking this pathway genetically or pharmaco-
logically remains an attractive target (Torres
et al. 2004, 2012; Rees et al. 2014).

Ciliary Lkb1 and mTOR Signaling

Mammalian target of rapamycin (mTOR) sig-
naling integrates the nutrient, oxygen, and en-
ergy state of the cells and controls cell growth,
proliferation, and survival. The Lkb1–AMPK
branch of this pathway negatively regulates
mTOR activity. Lkb1 localizes to the primary
cilium and regulates mTORC1 activity and cell
size in response to flow (Boehlke et al. 2010). In
this model, inactivation of PC2 reduced calci-
um transients in cells but had no effect on cilia-
dependent mTORC1 activation. Ciliary Lkb1-
mediated mTORC1 signaling is independent of
PC2 signaling and Lkb1 is less likely to be part
of the CDCA pathway (Boehlke et al. 2010).
mTOR signaling is also unlikely to be candidate
of CDCA because loss of PC1 is not sufficient
to activate mTOR. Activation of this pathway
is mosaic in cyst-lining epithelia that are com-
pletely devoid of Pkd1 (Shillingford et al. 2006,
2010). In another study, mTOR activation was
not observed in an adult-onset ADPKD model
at both precystic and cystic stage when CDCA
was active (Ma et al. 2013). The mosaic acti-
vation of mTOR signaling in cyst-lining cells,
however, could serve as a booster for cyst growth
in ADPKD. Pharmacological inhibition of the
mTOR pathway ameliorates cystic burden in
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ADPKD mouse models (Shillingford et al.
2010) but has yet to prove beneficial in ADPKD
patients perhaps because of limitations in deliv-
ering the needed dose to the kidney (Serra et al.
2010; Torres et al. 2010; Walz et al. 2010).

Ciliary PDGFRaa and MAPK/ERK Signaling

PDGFRaa (PdgfrAA) is expressed in the pri-
mary cilia of fibroblast cells and on treat-
ment with PDGF ligand, phosphorylation of
PdgfrAA, and phospho-MEK1/2 is detected
in cilia (Schneider et al. 2005). It has been
shown that the activation of PdgfrAA is reduced
in Ift88 mutant Tg737 fibroblast cells that have
short and stumpy cilia compared with that in
control cells, showing the integrity of cilia is
required for efficient activation of the pathway
(Schneider et al. 2005). The PdgfrAA pathway in
animal models of ADPKD has not been directly
evaluated for a role in cyst initiation or progres-
sion. MAPK/ERK signaling is not likely to be
CDCA as its activation is mainly restricted to
the distal nephron and at later stages of cyst
formation in ADPKD models (Shibazaki et al.
2008; Ma et al. 2013). Moreover, attenuation of
the MAPK/ERK pathway pharmacologically
has no impact on cyst progression in a devel-
opmental model of ADPKD, although the ef-
fects of longer-term therapy could not be eval-
uated (Shibazaki et al. 2008). MAPK/ERK
activation is found in cyst lining cells of pcy
(Nphp3) mice and blocking activation of the
pathway with an inhibitor attenuates cyst pro-
gression in these animals (Omori et al. 2006).
Thus MAPK/ERK signaling acts as a driver for
cyst progression in some ciliopathy models
model, but not ADPKD models.

Extracellular Matrix and Integrin Signaling

Multiple genetic interactions between polycys-
tin signaling and extracellular matrix (ECM)
components have been shown in a number of
organ systems including the kidney. Knock-
down of Pkd1a/b and Pkd2 in zebrafish results
in collagen deposition in the notochord and
generates the curly tail “up” phenotype (Man-
gos et al. 2010), a commonly observed charac-

teristic in cilia defective mutants (Sun et al.
2004). Another ECM protein, fibrillin, encoded
by FBN1, which is the causal gene in Marfan
syndrome, has been shown to genetically inter-
act with Pkd1. Pkd1 and Fbn1 compound het-
erozygote mice exacerbate vascular complica-
tions observed in Fbn1 heterozygotes resulting
in increased TGF-b signaling. Inactivation of
Pkd1 in the vascular smooth muscle cells is suf-
ficient to generate vascular complications asso-
ciated with elevated TGF-b signaling (Liu et al.
2014). More direct evidence of ECM signaling
involvement in the pathogenesis of ADPKD
came from the recent finding that inactivation
of b1-integrin suppresses cyst formation in a
developmental model of ADPKD (Lee et al.
2014). In vitro knockdown of b1-integrin re-
duces cyst formation by Pkd1 knockdown
cells in a matrix–gel model (Subramanian
et al. 2012). Interestingly, multiple integrin re-
ceptors are expressed in primary cilia of MDCK
cells (Praetorius et al. 2004) and chondrocytes
(McGlashan et al. 2007) and b1-integrin has
been localized to cilia in the rat kidney. Ciliary
b1-integrin has been shown in MDCK cells to
potentiate fibronectin-induced calcium signal-
ing (Praetorius et al. 2004). Considering that
the removal of b1-integrin ameliorates the cys-
tic phenotype in the early inactivation model
of Pkd1 (Lee et al. 2014), further studies on
the role of b1-integrin in adult-onset models
of ADPKD would be reasonable. If confirmed,
investigation of the ciliary b1-integrin as a can-
didate for CDCA may be indicated.

THE MECHANOSENSOR HYPOTHESIS
FOR POLYCYSTINS IN CILIA

PC1 has been hypothesized to have receptor-
type function on cilia. It has long been proposed
to be a flow sensor (Nauli et al. 2003) although
recent studies have called that into question
(Delling et al. 2016). More recently, it has
been proposed to be a Wnt ligand coreceptor
(Kim et al. 2016). A common downstream effect
as part of these hypotheses is polycystin-reg-
ulated calcium entry through the PC1–PC2
complex. The recent development of direct
channel measurements by patch clamping of
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cilia and of genetically encoded calcium sensors
targeted to cilia have begun to allow more direct
measurement and visualization of intraciliary
calcium transients under different physiologi-
cal conditions (DeCaen et al. 2013; Delling
et al. 2013; Su et al. 2013; Jin et al. 2014). Studies
directly measuring channel activity on the
surface of cilia have been unable to detect the
PC1–PC2 channel activity (DeCaen et al. 2013)
and have instead argued that ciliary calcium en-
try could not be the cellular signaling event of
polycystin action emerging from cilia (Delling
et al. 2013; Delling et al. 2016). Specifically, pri-
mary cilia of human retinal pigment epithelial
cells and other cells are specialized calcium sig-
naling organelles whose resting calcium concen-
tration is up to sevenfold higher than cytosolic
calcium (DeCaen et al. 2013). The intracilia cal-
cium appears to be regulated by Pkd1l2–
Pkd2l1, and not the anticipated PC1–PC2 com-
plex (Delling et al. 2013). Ciliary Pkd1l2–
Pkd2l1 is essential for efficient activation of
Hh signaling via modulating the expression of
Gli1 and Gli2 localization at the ciliary tip.
Pkd2l1 mutant mice display low penetrance of
gut looping chirality defect, a process dependent
on Hh signaling during development (Delling
et al. 2013). Applying physiologically relevant
levels of mechanical force to bend or deflect
cilia resulted in no alteration of calcium tran-
sients in cilia of the kidney tubule and other cell
types (Delling et al. 2016). Laminar flow applied
to ciliated cells generates shear stress and initi-
ates calcium transients in the cytoplasm, which
then propagate to the cilia (Delling et al. 2016),
not vice versa. Delling et al. (2016) propose that
the mechanosensation function of cilia, if it
exists, is through mediators other than whole
cell calcium transients. It is possible that PC2
exerts its function via allosteric transfer of cal-
cium ion from PC1–PC2 to other signaling
molecules, like CDCA components in the local
context of the cilium, but massive cellular cal-
cium transients are not required.

Polycystins, particularly PC2, function in
other tissues aside from the kidney and liver.
One example is in the vertebrate embryonic
node where the left–right axis is established
during early embryonic development (Nonaka

et al. 1998; Essner et al. 2002; Pennekamp et al.
2002; McGrath et al. 2003). In mammals, the
motile cilia at the center of the node propel fluid
to generate leftward flow, and the crown cells at
the periphery of the node express PC2 on non-
motile cilia that may sense this flow (McGrath
et al. 2003; Yoshiba et al. 2012). Loss of PC2
results in abnormal left–right axis formation
(Pennekamp et al. 2002). Reexpression of PC2
specifically in the crown cells in Pkd2 mutant
nodes is sufficient to initiate lateralized Nodal
and Pitx2 expression, and ciliary localization of
PC2 is required for this process (Yoshiba et al.
2012). Pkd1l1, a homolog of Pkd1, may act as the
partner with PC2 in nodal cilia. Together, they
play a role in establishing the left–right axis, a
function that is conserved in vertebrates (Vogel
et al. 2010; Field et al. 2011; Kamura et al. 2011).
In cell culture systems, artificial flow can deflect
cilia and trigger intraciliary calcium transients
(Su et al. 2013). Live imaging of calcium tran-
sients in zebrafish Kupffer’s vesicle (KV), the
zebrafish counterpart of mouse embryonic
node, shows that calcium transients propagate
from cilia to the cytoplasm of the crown cells on
the left side of the KVand that the calcium tran-
sients oscillate over time followed by lateralized
gene expression (Yuan et al. 2015). These calci-
um transients are highly reduced in Pkd2 knock-
down embryos or when motile cilia are para-
lyzed. Introduction of cilia-targeted genetically
encoded calcium chelators dampen ciliary cal-
cium transients and generate left–right defec-
tive embryos. The investigators conclude that
intraciliary calcium mediated by PC2 is essential
to initiate left–right axis determination in ze-
brafish (Yuan et al. 2015).

A number of salient differences in the ex-
perimental systems used could in part explain
the disparate ciliary calcium kinetics in these
studies (DeCaen et al. 2013; Delling et al.
2013; Su et al. 2013; Jin et al. 2014; Yuan et al.
2015). The differences in combinatorial pairing
of ciliary PC1 and PC2 or their respective ho-
mologs might generate different calcium re-
sponses that are further specialized by cell and
tissue type to meet specific physiologic func-
tional requirements. The differences in channel
activity and transients between mouse epithelial
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cells and fish KV may be a result of physiological
differences between stationary primary cilia in
the mammalian cells and the active motile cilia
in KV in zebrafish (Becker-Heck et al. 2011).
Furthermore, the milieu in cell culture experi-
ments and the fluid in the KV have different
compositions of chemical and bioactive mole-
cules. The differences in observed activity may
also stem from incomplete knowledge of bio-
logical and physiological regulators of the re-
spective cilia channels. Nonetheless, the genet-
ically encoded calcium indicators and chelators
and the technical advances in patch clamping
offer novel physiological tools to measure the
in vivo intraciliary calcium transients in kidney
and liver and relate PC1–PC2 function to phys-
iological properties of cilia. These advances will
help dissect the function of the intracilia calci-
um and polycystins across a spectrum of bio-
logical systems in the future.

HOW DOES PC1 REGULATE CDCA?

Given the unique structural features of PC1 and
the importance of GPS cleavage to its function
(Qian et al. 2002; Yu et al. 2007; Cai et al. 2014),
it is worth considering hypotheses based on the
functional inferences from other GPS cleaved
proteins. Adhesion G-protein-coupled recep-
tors (aGPCR) are a class of GPCRs that are char-
acterized by a large extracellular domain (ECD),
seven transmembrane spans (7TM), and a
GAIN/GPS domain located near the junction
of the ECD and the first transmembrane do-
main. GAIN/GPS domain containing aGPCRs
undergo autoproteolytic cleavage to generate
ECD and 7TM that associate with each other
noncovalently (Liebscher et al. 2013), in a man-
ner analogous to what has been proposed for
PC1. ECD dissociation from the 7TM is
thought to result in activation of disparate
downstream G protein signaling by GPR56
and GPR110, implicating that the association
of ECD with 7TM is autoinhibitory (Stoveken
et al. 2015). The ECD displacement unmasks
the amino-terminal stalk regions of 7TM, which
serve as autoligands essential for G protein sig-
naling (Stoveken et al. 2015). A missense variant
(p.C492Y) in the GAIN domain of another

aGPCR, ADGRE2 (EMR2), weakens the ECD
and 7TM autoinhibitory interaction and sensi-
tizes mast cells to vibration-induced degranula-
tion in a familial form vibratory urticaria (Boy-
den et al. 2016).

The autoinhibitory action of ECD on 7TM
in aGPCR could have implications for how
PC1–NTF may regulate PC1–CTF and how
their dynamic interactions regulate CDCA to
control target phenotypes such as lumen diam-
eter or kidney epithelial cell shape (Fig. 2).
Strong association of PC1–NTF with PC1–
CTF suppresses the activation of CDCA. Either
ligand binding or mechanical stimuli such as
luminal flow may trigger stimulus dosage-de-
pendent displacement of PC1–NTF from
PC1–CTF, which could unmask the amino-ter-
minal stalk region of PC1–CTF. This stalk pro-
tein could act as an autoactivating ligand to
relieve PC1–CTF inhibition of CDCAwith con-
sequent downstream activation of CDCA-de-
pendent changes in the tubule epithelial cells.
The PC1 signal can be turned off either by re-
association of PC1–NTF with PC1–CTF or, if
the signal deactivation has a longer time course,
by removal of the unbound PC1–CTF from
cilia and its replacement with intact PC1–
NTF/CTF complex. The latter model would
seem more likely in cilia projecting into the uri-
nary space of the nephron lumen. In the case of
ADPKD, when there is little or no PC1 present
in the cilia, the net effect of this absence is the
same as having PC1–CTF present but dissoci-
ated from PC1–NTF. It is the intact PC1–NTF/
CTF complex that keeps CDCA in check. The
identification of CDCA and the study of its in-
teraction with PC1 and PC2 may explain how
tubule lumen diameter or cell shape or differ-
entiation state is dynamically fine-tuned to
meet the demand of various physiological con-
ditions and how unchecked CDCA activation
leads to the indolent, but profound tissue re-
modeling processes that underlie ADPKD.

CONCLUSION

Polycystic kidney diseases encompass a broad
spectrum of genetic diseases. Cysts can develop
via nonidentical and nonoverlapping cellular
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events, which implies different molecular
mechanisms for the pathogenesis of each group
or class of disease entity. The pathogenetic
mechanism of each disease requires focused in-
vestigation. In the case of ADPKD caused by
mutations in PKD1 or PKD2, the protective
role of loss of cilia suggests that the PC1–PC2
complex serves to regulate a ciliary signaling
pathway(s) (CDCA) that is necessary to drive
cyst growth when either polycystin is inactivat-
ed. This serves as a strong proof of concept that
targeting the components of CDCA should slow
cyst growth. The challenge remains in discover-
ing CDCA, whose components most likely lo-
calize to and function in cilia. The advances in
generation and use of animal models, the devel-
opment of novel biological tools such as cilia-
targeted genetically encoded calcium sensors
and chelators and enhanced cilia proteomics,
and the improved understanding of the bio-
chemical properties of polycystins and related
proteins offer exciting prospects for novel dis-
coveries for the next phase of understanding
and eventually treating ADPKD.
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