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RIP-ed and ready to dance:
new mechanisms for polycystin-1 signaling

Lisa M. Guay-Woodford

Departments of Medicine, Genetics, and Pediatrics, University of Alabama at Birmingham, Birmingham, Alabama, USA.

Polycystin-1, the protein encoded by the principal gene involved in
autosomal dominant polycystic kidney disease, has been implicated in
extracellular sensing as well as in cell-cell and cell-matrix interactions.
However, the precise mechanisms involved in polycystin-1 signaling are
not well defined. A report in this issue of the JCI demonstrates that the
C-terminal tail of polycystin-1 is cleaved from the membrane through reg-
ulated intramembrane proteolysis (RIP) and that this domain translocates
to the nucleus, where it activates the AP-1 transcription pathway (see the
related article beginning on page 1433). This translocation appears to be
modulated by polycystin-2, with which polycystin-1 is thought to inter-
act. These findings provide what we believe to be the first evidence that
polycystin-1 can signal directly to the nucleus and that polycystin-1-poly-
cystin-2 interactions do not require colocalization of these proteins in the

same membrane compartment.

Autosomal dominant polycystic kidney
disease (ADPKD) occurs in 1 in 500-1,000
individuals. This slowly progressive dis-
order results from mutations in 1 of 2
genes, PKDI or PKD2, which encode the
proteins polycystin-1 and polycystin-2,
respectively (1). Polycystin-1 is a 462-kDa
cell membrane-associated glycoprotein
with a number of putative adhesion
domains and a G protein-coupled recep-
tor proteolytic site (GPS) within its
amino-terminus; 7-11 transmembrane
(TM) spanning regions; and a 200-AA
intracellular C-terminus that includes a
coiled-coil domain that mediates bind-
ing to polycystin-2 (reviewed in ref. 2).
Polycystin-2 is also predicted to be an
integral membrane protein of 110 kDa
with 6 TM domains and intracellular
N- and C-termini. The C-terminus con-
tains an incomplete coiled-coil domain
that is involved in binding to polycystin-1
and an EF-hand domain that is predicted
to have calcium-binding and regulatory
functions (3).

Nonstandard abbreviations used: ADPKD,
autosomal dominant polycystic kidney disease; CTT,
C-terminal tail; GPS, G protein-coupled

receptor proteolytic site; RIP, regulated
intramembrane proteolysis; TM, transmembrane;
TRP, transient receptor potential; UUO, unilateral
ureteral obstruction.
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Polycystin-1—polycystin-2
interactions and intracellular
signaling pathways

Several lines of evidence indicate that poly-
cystin-1 and polycystin-2 physically interact
and the polycystin-1-polycystin-2 complex
is involved in tubular patterning signaling
pathways (4), with polycystin-1 acting as a
sensor of extracellular signals and polycys-
tin-2 assembling as either a homotetramer
or heterotetramer with transient receptor
potential (TRP) channels to function as
a regulated ion channel (5). For example,
recent studies from the Zhou laboratory and
others have shown that the polycystins are
expressed in the primary apical cilia, where
the polycystin-1-polycystin-2 protein com-
plex appears to function as a mechanosen-
sor, detecting cilial movement and transduc-
ing the signal through intracellular calcium
transients (6-8). The Walz group has dem-
onstrated that overexpression of the polycys-
tin-1 C-terminus in cultured renal epithelia
induces branching morphogenesis through
a PKC-dependent effector pathway that
appears to require polycystin-2 interaction
with the polycystin-1 coiled-coil domain (9).
In other studies, this group has demonstrat-
ed that polycystin-2 and the polycystin-1
C-terminus act synergistically through het-
erotrimeric G proteins to mediate PKC-0~
dependent and JNK-dependent activation
of the transcription factor AP-1 (10, 11).
In addition, the polycystin-1 C-terminal
domain appears to modulate the Wnt signal-
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ing pathway by stabilizing levels of cytosolic
[-catenin (12). Moreover, the Germino labo-
ratory has determined that polycystin-1 can
physically bind and activate JAK2 kinase in a
polycystin-2-dependent manner, leading to
the activation of STAT1. Activated STAT1
homodimerizes, translocates to the nucleus,
and transcriptionally upregulates the cyclin-
dependent kinase inhibitor p21(cip1/wafl)
(13), which in turn causes cells to exit the cell
cycle and become terminally differentiated.
By and large, these findings presup-
pose that polycystin-1 and polycystin-2
physically interact to initiate kinase/
phosphatase-mediated signaling cascades.
However, recent reports indicate that the
subcellular distribution of these proteins
is not entirely coincident. While both poly-
cystin-1 and polycystin-2 have been local-
ized to the primary apical cilium, polycys-
tin-1 has also been localized to numerous
other membrane domains, including the
apical plasma membrane, tight junctions,
adherens junctions, desmosomes, and
focal adhesion plaques. In contrast, poly-
cystin-2 is thought to be either targeted
to the endoplasmic reticulum or distrib-
uted to the plasma membrane as well as
the endoplasmic reticulum (reviewed in
ref. 1). This complex pattern of subcellular
localizations begs the question; how can
polycystin-1 and polycystin-2 interact to
effect intracellular signaling when the pro-
teins are often not expressed in the same
subcellular compartment? The report by
Chauvet et al. (14) in this issue of the JCI
provides the first evidence that the C-ter-
minal tail of polycystin-1 can be proteo-
lytically released from the membrane and
translocated to the nucleus in a process
that is modulated by polycystin-1-polycys-

tin-2 interaction.

Regulated intramembrane
proteolysis modulates the

release of membrane-bound
transcription factors

Chauvet et al. (14) demonstrate that in
renal epithelial cells overexpressing full-
length polycystin-1, the C-terminal tail
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Models of Notch and polycystin-1 signaling via RIP. (A) Newly synthesized Notch is constitutively cleaved in the trans-Golgi network by furin-like
proteases. Following this site 1 (S1) cleavage event, the bipartite Notch receptor consisting of a noncovalent interaction between the ectodomain
(NotchECP) and a membrane-tethered intracellular domain (Notch™) is inserted into the plasma membrane. Activation of Notch by its ligand, e.g.,
Delta, triggers 2 additional proteolytic events. S2 cleavage by extracellular proteases of the ADAM/TACE (a disintegrin and metalloproteinase/
TNF-o—converting enzyme) family releases NotchECP and generates an activated, membrane-bound form of Notch™ that is further processed
via RIP-mediated S3 cleavage. These events lead to release of the Notch intracellular domain (Notch'"a), which translocates into the nucleus
and displaces the corepressor (Co-R) complex from the CBF-1, Su(H), Lag-1-type (CSL-type) transcription factors. The coactivating (Co-A)
complex containing Notchi"a and CSL stimulates expression of CSL/Notch target genes. Figure modified from Development (17) with permis-
sion from the Company of Biologists Ltd.; and from Current Biology (18) with permission from Elsevier. (B) Polycystin-1 (pc-1) is a cell-surface
receptor that undergoes regulated extracellular proteolytic processing at its GPS, which results in the release of its N-terminal fragment. In
this issue of the JCI, Chauvet et al. (14) show that the CTT of polycystin-1 can also be cleaved from its transmembrane anchor, presumably
through RIP-related mechanisms. Once released, this domain translocates to the nucleus, where it activates the AP-1 transcription pathway.

This translocation event appears to be regulated by polycystin-2.

(CTT) is cleaved from the membrane and
targeted to the nucleus. Although the pre-
cise mechanism remains to be defined,
the authors proposed that C-terminal
cleavage occurs through a 2-step mecha-
nism called regulated intramembrane
proteolysis (RIP), a conserved cellular
process by which cells can transmit sig-
nals from one compartment to another
through the liberation of membrane-
bound transcription factors (15, 16).
A number of cell surface growth factor
receptors are subject to RIP after ligand
binding and/or ectodomain cleavage.

A particularly illustrative paradigm
involves Notch-mediated cell-cell signal-
ing, a critical pathway involved in meta-
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zoan cell fate determination and pattern
formation (17, 18). As diagrammed in
Figure 1A, the Notch receptor is pro-
cessed in the trans-Golgi network to a
heterodimer before being expressed on
the plasma membrane. Ligand-induced
activation sensitizes the membrane-teth-
ered intracellular domain to cleavage by
extracellular proteases, thereby releasing
the Notch ectodomain and generating
an activated, membrane-bound trunca-
tion product that undergoes 2 RIP-medi-
ated proteolytic events. This processing
releases the Notch intracellular domain,
which then translocates from the cytosol
to the nucleus and activates target gene
transcription. Thus, the Notch receptor
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is a membrane-bound transcription fac-
tor whose release to the nucleus is tightly
regulated by RIP.

To a certain extent, polycystin-1 pro-
cessing parallels that of Notch (Figure
1B). As noted, proteolytic cleavage at
the GPS removes the N-terminal ectodo-
main of polycystin-1, and RIP-mediated
mechanisms are proposed to release the
CTT. At this point, it is not clear whether
ligand binding and/or N-terminal cleav-
age precedes and is a prerequisite for the
C-terminal cleavage, as is the case for
Notch and many other RIP-processed
receptors. Studies with Notch indicate
that exceedingly small, histochemically
undetectable amounts of intracellular
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Notch are sufficient for target gene acti-
vation (reviewed in ref. 17), and this may
also apply in the case of the polycystin-1
CTT, as Chauvet et al. could not detect
CTT-specific immunoreactivity in nucle-
ar fractions prepared from wild-type
mouse kidneys (14).

Chauvet et al. (14) demonstrate that
in cell culture systems, a soluble con-
struct containing the last 200 AAs of
polycystin-1 (p200) includes a discrete
localization signal that targets it to the
nucleus, where it activates AP-1 reporter
gene expression. This translocation event
appears to be buffered by polycystin-2,
as coexpression of polycystin-2 prevents
nuclear localization of p200 and leads to
a 2- to 3-fold reduction in AP-1 activa-
tion. The effect is abrogated in cell lines
cotransfected with truncated polycys-
tin-2 constructs that lack the polycys-
tin-1-interacting domain. Thus, these
data define a mechanism through which
polycystin-2 can modulate polycystin-1
signaling independently of whether these
proteins are targeted to the same mem-
brane compartment.

Do mechanical stimuli induce CTT
cleavage and nuclear translocation?
Polycystin-1 and polycystin-2 local-
ize to the primary apical cilium and
appear to function in a mechanosensory
transduction pathway that responds
to tubular flow. Therefore, the authors
examined CTT nuclear localization in 2 in
vivo mouse models in which flow-medi-
ated mechanical stimulation of tubular
epithelia was disrupted — unilateral ure-
teral obstruction (UUO) and kidney-spe-
cific inactivation of the cilial molecular
motor protein kinesin 3a. Nuclear CTT
was detected in both models but not in
control animals, which prompted the
authors to suggest that alterations in
tubular flow or in the capacity of tubular
epithelia to sense mechanical stimuli trig-
gered an increase in polycystin-1 cleavage
events (14). While the data are permissive
for this interpretation, it remains highly
speculative to suggest that the nuclear
translocation of the polycystin-1 CTT
represents the cellular response to the
mechanical alterations caused by UUO.
Ureteral obstruction may prompt many
cellular and tubular events, in addition

1406

The Journal of Clinical Investigation

to reduction of tubular flow (reviewed
in ref. 19). These include alterations in
apoptosis, injury-induced pathways, and
even modifications in epithelial differ-
entiation that may be associated with
changes in the primary cilium. Therefore,
more directed experiments, such as those
performed by Praetorius and Spring (20)
are required to determine whether RIP-
mediated cleavage of polycystin-1 defines
an alternative cilial transduction pathway
that is initiated in response to mechani-
cal stimuli.

RIP and signaling crosstalk

Taken together, the findings presented
by Chauvet et al. (14) make a compelling
case that RIP and CTT nuclear trans-
location are critical events in polycys-
tin-1-mediated intracellular signaling.
Furthermore, the interactions between
polycystin-1 and several other signaling
pathways, including Wnt, JNK/AP-1,
and JAK/STAT, are effected primarily
through the polycystin-1 carboxy termi-
nal tail. These pathways play critical roles
in cell differentiation, tubulogenesis, and
apoptosis — processes that are disrupted
in ADPKD. Therefore, it is tempting to
speculate that once released from the
membrane, the polycystin-1 CTT not only
translocates to the nucleus to regulate
target gene expression, but also functions
in cytosolic compartments to integrate
crosstalk among several pathways that
are essential in tubular patterning. Since
these actions are buffered by polycystin-2,
the polycystins appear to act together in
highly choreographed integration of sig-
naling pathways that defines and main-
tains normal renal tubular architecture.
Chauvet et al. provide what we believe to
be the first evidence that this choreogra-
phy is not restricted to the plasma mem-
brane stage.
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