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ABSTRACT

Autosomal dominant polycystic kidney disease (ADPKD) is a genetic disease that causes sig-
nificant morbidity and mortality. The main manifestation of the disease is cyst formation in the
nephron and liver, the pathogenesis of which involves the primary cilia. Recently, the mecha-
nosensory ability of primary cilia which leads to calcium signaling has come into question. It is
hypothesized that failed control of a physiologic process called cyst-dependent cyst activation
(CDCA) contributes to cyst formation in ADPKD. Studies into the dysregulation of CDCA may
reveal the exact mechanism for cystogenesis in ADPKD.

KEY WORDS: Polycystic Kidney Disease; ADPKD; Primarly cilia; Mechanosensor hypothesis;
Calcium influx; Hedgehog signaling.

ABBREVIATIONS: ADPKD: Autosomal Dominant Polycystic Kidney Disease; CDCA: Cyst-
Dependent Cyst Activation; ESRD: End-Stage Renal Disease; PC: Polycystin; mTOR: mam-
malian Target of Rapamycin; cAMP: cyclic Adenosine Monophosphate.

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) caused by mutations in either of two
genes, PKDI or PKD?2, is the 4" leading cause of end-stage renal disease (ESRD) in adults,
affecting approximately 12.5 million people worldwide.! ADPKD is characterized by the de-
velopment of epithelial-lined cysts in the kidney, liver, and pancreas and the presence of con-
nective tissue abnormalities. At the cellular level, changes in cell polarity and structural varia-
tion to the extracellular matrix are also seen.’> The protein products of PKDI and PKD?2 are
transmembrane proteins called polycystin 1 (PC1) and polycystin 2 (PC2), respectively.’ PC1
is a glycoprotein and is found in the luminal membrane of renal tubular cells, at apical junctions
and in the primary cilium. PC1 has a large extracytoplasmic domain and a short cytoplasmic
tail. The N-terminal region is located at the extracytoplasmic domain and the C-terminal region
is at the cytoplasmic tail. When proteins bind to PC1, it is usually at the cytoplasmic tail. PC1
interacts with PC2 through the C-terminal region. This interaction forms a Ca?*-permeable
mechanosensitive ion channel. PC1 has been hypothesized to have receptor type function on
primary cilia. For a long time, PC1 has also been thought to have a sensory function; however,
recent studies contradict that notion.* PC1 was found to play a role in Ca?*signaling when it was
shown that cells lacking PC1 had little or no Ca*" influx to their cytoplasm after the application
of shear stress to the cells’ cilia. However, the mechanism of Ca?* influx and the function of PC1
has come into question in recent studies.** A full understanding of the function of polycystins,
how they are controlled, and the roles of PC1 and PC2 has yet to be reached.® The exact cause
of cyst formation in ADPKD is also not yet known. Primary cilia play an important role in the
pathogenesis of ADPKD; however, not in the way originally thought.* Further, investigations
of the various signaling pathways associated with primary cilia will most likely uncover the
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specific mechanism for cystogenesis.
Role of Primary Cilia in Cystogenesis

The cilium is connected to the apical membrane of an epithelial
cell via the basal body and the transition zone which functionally
separate the cilia compartment and its overlying membrane from
the rest of the cell body. Structural and functional abnormalities
in the primary cilia of kidney epithelial cells have been shown
to regulate cystogenesis in several studies.’ Genetic studies of
various animal disease models resulted in cyst formation and
fibrosis in different organs under three separate conditions: when
there was a complete loss of cilia, when the cilia structure was
altered, or when the protein composition of a cilia’s membranes
was changed.® It should be noted that in PKDI and PKD2 mu-
tations in kidney and liver cells, the removal of cilia in mouse
models slowed down the growth of cysts in both organs in both
the early and adult-inactivation models.? Polycystin mutants and
cilia-polystin double mutants all showed an increased prolifera-
tion of cysts in ADPKD models.?

Mechanosensor Hypothesis for Polycystins in Cilia

The mechanosensor hypothesis introduced over a decade ago
suggested that the fluid flow outside the cell is recognized by
primary cilia and causes a chemical signal.'” These studies de-
scribed that PC1 would turn the mechanical sensory ciliary sig-
nal into a chemical one by binding to PC2 and causing a release
of calcium into the cilia via the opening of PC2’s calcium chan-
nels.’ The bending of primary cilia in studies measuring calcium
infux was usually achieved by using a perfusion chamber and

increasing the rate of the perfusate, or by suction using a micro-
pipette.!

The mechanosensory properties of primary cilia in
kidney cells have recently come into question along with PC1’s
function as a flow sensor.”’ In a recent study, measurements of
calcium influx in cilia of cultured kidney epithelial cells and
thick ascending tubules were taken after application of mechani-
cal pressure to primary cilia.® Primary cilia extracted from cells
of kidney tubules and embryonic node were bent using a cus-
tom-made jet flow system.’ Via a micropipette, flow of liquid
was generated at velocities that imitated both physiological and
supraphysiological ones.’ There was no calcium influx in cilia
observed in the allowed time frame of 10 ps to 100 ms, when
the mechanosensitive channels open.* Calcium increase in the
cilia was seen approximately 10-20 seconds after stimulation.*It
was concluded that the cell body was responsible for the calcium
rise initially.* The calcium would then end up in the cilium after
diffusing from the cytoplasm.* Past studies could have wrongly
accounted the time for calcium influx into the cilia since calcium
could diffuse in less than 200 ms from the cytoplasm to the cil-
ia.* Also, motion and light-path dependent artifacts could have
accounted for the error in previous studies.* Also, mutations in
PCI1 and the use of antibodies against PC2 did not result in flow-
induced calcium signaling and influx of calcium, respectively.’
It is suggested that if mechanosensory abilities for cilia exist,
they could induce mediators and not initiate cell calcium signal-
ing.® The importance of intact cilia along with the presence of
fully functional polycystins to stop initiation of cysts in ADPKD
points to a probable unknown signal occurring within cilia that
is termed cilia-dependent cyst activation (CDCA) (Figure 1).}

Figure 1: Possible Signaling Mechanisms Involved in Cilia-Dependent Cyst Activation.
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Cilia-Dependent Cyst Activation

CDCA is hypothesized to control kidney tubule lumen diameter
and the shape of the lining of the tubule epithelial cells.’ The
complexity of the CDCA may be compared to the signal cascade
of the mammalian Hedgehog signaling pathway.> Of note, cilia
play a role in the Hedgehog signaling pathway.

When polycystins fail to bind to cilia, ADPKD can re-
sult from the poor control of CDCA.? However, it is important
to note that the disturbance of cilia in diseased patients can stop
progression even with the lack of polycystins.> CDCA is inhibit-
ed by the function of the PC1-PC2 complex, therefore, mutation
of either or both results in the dysregulation of CDCA.>7# Previ-
ous studies have proposed that PC1 is the rate limiting constitu-
ent of CDCA and the hypothesized activation of PC2 by PC1 can
make mutants responsible for sending a poor signal to inhibit
CDCA.3,5,7,11

Signaling Pathways in Cilia that could Result in CDCA

Cilia participate in a number of signaling pathways and one
or more of them could potentially be responsible for CDCA.>
One example of a signaling pathway is the Hedgehog pathway.
The transcriptional target genes of the Hedgehog pathway were
elevated in one study in kidneys that are cystic along with in
kidneys of the PKDI early inactivation model.>'? In another
study, PKD1 mutant mice had a low penetrance of a gut looping
chirality defect, a process that results from the Hedgehog path-
way.>!*! The mechanism in how the Hedgehog pathway causes
cyst formation is unknown.?

There has been an association observed between ele-
vated cyclic adenosine monophosphate (cAMP) levels and AD-
PKD.>*!® Vasopressin receptor 2 antagonist administration has
been shown to slow down cyst growth in mouse models.**!° The
ciliary A-kinase anchoring protein complex has been found to
be abnormal in a study with PKD2 mutants and the protein’s
components were enzymes of the cAMP family.? This complex
may be involved in CDCA activation.®* When adenylyl cyclase,
a cAMP protein expressed by cilia, was naturally accompanied
in the collecting duct by an inactivated PKD1, a reduction in the
number of cysts occurred in a model of early-onset ADPKD.3

Liver kinase B1 (LKB1) is found within cilia and
regulates cell size in reaction to flow while at the same time con-
trolling mammalian target activity (mTOR).> Cell growth and
proliferation are regulated by mTOR.? In mouse models, mnTOR
inhibition decreased the number of cysts; however, it is unlikely
that mTOR signaling is involved with CDCA.3

The MAPK/EPK signaling pathway was limited to the
distal nephron and to later stages of cyst formation in previ-
ous ADPKD models, and therefore is probably not a cause of
CDCA .’ The inactivation of B-1 integrin in the extracellular ma-
trix slowed down cyst formation in a developmental model of
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ADPKD and in a matrix-gel model that had PKD/ knockdown
cells, and therefore could play a role in CDCA activation.’

CONCLUSION

Primary cilia have an important function in the pathogenesis of
ADPKD as seen in animal models from previous experiments.’
Cilia-dependent cyst activation results in ADPKD, however, the
specific signaling pathway that initiates the dysregulation of this
process is unknown and needs to be further explored. Future
studies should concentrate on the mechanism of how primary
cilia specifically contribute to cystogenesis and perhaps whether
the diffusion of calcium from the cell body to the cilia is related.*
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