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Autosomal dominant polycystic kidney disease (ADPKD) is typified by the accumulation of fluid-filled cysts and
abnormalities in renal epithelial cell function. The disease is principally caused by mutations in the gene encoding
polycystin-1, a large basolateral plasma membrane protein expressed in kidney epithelial cells. Our studies reveal that,
in normal kidney cells, polycystin-1 forms a complex with the adherens junction protein E-cadherin and its associated
catenins, suggesting a role in cell adhesion or polarity. In primary cells from ADPKD patients, the polycystin-1/
polycystin-2/E-cadherin/B-catenin complex was disrupted and both polycystin-1 and E-cadherin were depleted from the
plasma membrane as a result of the increased phosphorylation of polycystin-1. The loss of E-cadherin was compensated
by the transcriptional upregulation of the normally mesenchymal N-cadherin. Increased cell surface N-cadherin in the
disease cells in turn stabilized the continued plasma membrane localization of -catenin in the absence of E-cadherin. The
results suggest that enhanced phosphorylation of polycystin-1 in ADPKD cells precipitates changes in its localization and
its ability to form protein complexes that are critical for the stabilization of adherens junctions and the maintenance of

a fully differentiated polarized renal epithelium.

INTRODUCTION

The main functions of the kidney—filtration, reabsorption
and secretion of blood components—depend on the normal
morphogenesis and function of the epithelial cells, lining the
kidney tubules. One of the most common genetic diseases in
humans, autosomal dominant polycystic kidney disease
(ADPKD), is characterized by defects in the polarized phe-
notype and function of renal epithelial cells, leading to the
extensive growth of numerous fluid-filled cysts in the kid-
neys. The disease is as yet incurable and causes serious renal
failure, prompting intensive research to understand its
pathogenesis.

The PKD1 gene mutated in the majority of ADPKD cases
encodes the 450,000-460,000 MW transmembrane protein
polycystin-1 (Consortium, 1995). The protein is predicted to
consist of multiple transmembrane domains, a large extra-
cellular domain mediating cell-cell and cell-extracellular ma-
trix binding and a multifunctional carboxy-terminal region
(Hughes et al., 1995; Gallagher et al., 2000; Arnaout, 2001).
Regulated basolateral plasma membrane localization and
developmental expression serve to implicate polycystin-1 in

Article published online ahead of print. Mol. Biol. Cell 10.1091/
mbc.E03-05-0296. Article and publication date are available at
www.molbiolcell.org/cgi/doi/10.1091/mbc.E03—-05-0296.

Online version of this article contains supplementary materials.
Online version is available at www.molbiolcell.org.

T Corresponding author. E-mail address: wness@unm.edu.
Abbreviations used: ADPKD, autosomal polycystic kidney
disease; NK, normal kidney; PKD1, polycystic kidney disease
locus 1.

1334

kidney morphogenesis and epithelial differentiation (Ward
et al., 1996; Ibraghimov-Beskrovnaya et al., 1997; Van Adels-
berg et al., 1997). Yet, the mechanism whereby mutant poly-
cystin-1 leads to alterations in ADPKD cell polarity and
function remains unclear.

The cytoplasmic carboxy-terminal domain of polycystin-1
has demonstrated importance in the regulation of kidney
epithelial cell proliferation and morphogenesis (Sutters et al.,
2001; Nickel et al., 2002). Specific protein-protein interactions
and participation in multiple intracellular signaling path-
ways govern these regulatory functions of polycystin-1.
Wnt, protein kinase C, cAMP, JAK-STAT, and G-protein—
coupled signaling pathways as well as possible Ca®>* signal-
ing regulation via its interaction with polycystin-2 have all
been implicated to interface with polycystin-1 in the down-
stream control of kidney epithelial cell proliferation and
differentiation (Arnould ef al., 1998; Parnell ef al., 1998; Kim
et al., 1999; Li et al., 1999; Bhunia et al., 2002). However, the
relative contributions of each pathway and mechanisms of
upstream activation still remain to be elucidated in most
cases. The control of calcium flux is considered an important
upstream control mechanism brought about by a direct in-
teraction between polycystin-1 and -2 to form a unique
calcium-permeable channel (Hanaoka et al., 2000; Gonzalez-
Perret et al., 2001). The disruption of the polycystin-1/poly-
cystin-2 complex, through disease-specific mutations in the
genes encoding either of the polycystins, is postulated to
impair intracellular calcium signaling and hence polycys-
tin-1 function (Wilson, 2001). The recent demonstration that
polycystin-1 forms a complex with the essential epithelial
cell adhesion molecule E-cadherin and its associated cyto-
plasmic catenins suggests that cell-cell adhesion may pro-
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vide another important regulatory cue in the control of
polycystin-1 function (Huan and van Adelsberg, 1999). Al-
ternatively, proper polycystin-1/polycystin-2-mediated cal-
cium signaling may be upstream of E-cadherin-associated
Wnt and B-catenin signaling (Kim et al., 1999; van Adels-
berg, 2000). Therefore, it is of interest to resolve the nature
and conditions of the polycystin-1/E-cadherin/B-catenin as-
sociations.

Cadherin-mediated adhesion is critical during embryo-
genesis, morphogenesis, and in the normal function of epi-
thelial tissues. As the central component of adherens junc-
tions, E-cadherin promotes Ca?"-dependent cell-cell
adhesion through homophilic interactions with E-cadherin
on neighboring epithelial cells (Gumbiner, 1996; Angst et al.,
2001). Via its carboxy-terminal cytoplasmic tail, E-cadherin
associates with 8- and a-catenin to promote interaction with
the actin cytoskeleton (Yap et al., 1997, Angst et al., 2001;
Gottardi et al., 2001). The E-cadherin/p-catenin complex
plays a dual role. On the one hand, it stabilizes cellular
adhesion through cytoskeletal attachment and on the other
hand, the protein complex modulates signal transduction
and consequently imparts gene expression and cell cycle
control (Gumbiner, 1996; St. Amand and Klymkowsky,
2001). B-catenin is regarded as the key component of adhe-
rens junctions that mediates Wnt/Wingless signal transduc-
tion and thus regulates proliferation, apoptosis, and tumor-
igenesis (Gumbiner, 1996; Polakis, 1999). Activation by Wnt
signaling causes $-catenin to dissociate from E-cadherin and
translocate to the nucleus where it interacts with the DNA-
binding TCF/LEF family proteins to activate Wnt respon-
sive genes (St. Amand and Klymkowsky, 2001). Thus, exces-
sive proliferation and metastasis are often directly correlated
with reduced E-cadherin expression, resulting in an inability
to sequester and regulate the transcriptional activity of
B-catenin (Gottardi ef al., 2001; Simcha et al., 2001; Stockinger
et al., 2001).

The central importance attributed to the E-cadherin/pB-
catenin complex in the control of epithelial cell growth and
tissue morphogenesis makes the evaluation E-cadherin/g-
catenin and polycystin-1 interactions in normal and ADPKD
cells of particular interest. The functional importance of
adherens junction components in kidney epithelial function
is underscored by the massive polycystic kidney disease in
transgenic mice caused by expression of a dominant active
B-catenin (Saadi-Kheddouci et al., 2001). A disruption of
E-cadherin-mediated adhesion in ADPKD was initially sug-
gested by the plasma membrane depletion and endosomal
sequestration of E-cadherin observed in primary cultured
ADPKD cells (Charron et al., 2000Db).

In the present study we consider the possibility that ex-
pression of mutant polycystins in primary ADPKD cells
leads to the disruption of a polycystin-1/E-cadherin/B-cate-
nin complex, which in turn contributes to the alterations in
renal epithelial cell function associated with disease patho-
genesis.

MATERIALS AND METHODS
Reagents

All reagents were from Sigma Chemical Co. (St. Louis, MO) unless otherwise
specified.

Cells and Cell Culture

Normal kidney cells and ADPKD cells were obtained from previously healthy
individuals and ADPKD patients. Normal kidney cells were derived from the
normal margins of surgical biopsies or from kidneys not suited for transplant.
ADPKD cells were derived from kidneys removed for clinically indicated
reasons. The ADPKD samples were judged to be PKD1 based on the clinical
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history. Sequencing of the PKD1 gene in our primary cell samples is in
progress in Dr. Harris” laboratory to identify the germline mutation. Because
of the complexity of this analysis, these results will be reported in a separate
article. Three different normal kidney and three different ADPKD cell samples
were used for all experiments. In addition, all experiments were performed at
least three times to ensure all data reflect only consistently reproduced results.
Representative images are shown of one normal kidney sample and two or
three ADPKD samples to highlight the phenotypic range of results obtained.
Primary epithelial cells were isolated from the cortex of normal kidney or the
cysts of ADPKD kidneys as described (Carone et al., 1989; Charron et al.,
2000b). Cells were cultured in renal epithelial cell growth media (Clonetics,
Walkersville, MD) containing low serum, 10 ug/ml epidermal growth factor,
0.5 mg/ml epinephrine, 5 mg/ml insulin, 6.5 ug/ml triiodothyronine, and 10
mg/ml transferrin. The change of growth media did not affect our biochem-
ical and immunostaining results, relative to published results (Charron et al.,
2000b), but did improve the growth of primary kidney cells in culture.

Antibodies

A polyclonal antibody against polycystin-1, NM005, was raised by immuniz-
ing rabbits with a distal carboxy-terminal fragment of polycystin-1 (amino
acids 4070-4302) as described (Ward et al., 1996). The NM005 antibody was
purified using DE52, a DEAE-matrix (Whatman Ltd., Kent, England). Mouse
monoclonal antibodies against human E-cadherin, B-catenin, and N-cadherin
were obtained from Transduction Laboratories (Lexington, KY). A rabbit
polyclonal antibody directed against human N-cadherin was obtained from
Calbiochem (San Diego, CA) and rabbit polyclonal antibody against polycys-
tin-2 was purchased from Zymed Laboratories (South San Francisco, CA).
Horseradish peroxidase-labeled secondary antibodies were purchased from
Amersham Life Science (Piscataway, NJ). Rhodamine-conjugated donkey an-
ti-rabbit, FITC-conjugated donkey anti-mouse and Cy5-conjugated donkey
anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA) were used for immunofluorescence microscopy studies.

Immunofluorescence Microscopy

Cells grown on microscope coverglasses were fixed with 3% paraformalde-
hyde and permeabilized with 0.1% Triton X-100. After quenching and block-
ing they were incubated in primary antibodies for 1 h and subsequently, in
fluorophore-conjugated secondary antibodies for 40—60 min at room temper-
ature. Normal human kidney (NK) from the normal margins of surgical
biopsies or from tissue not suited for transplant and ADPKD cystic tissue
sections from kidneys removed for clinically indicated reasons were OCT-
frozen and cryosectioned. Two different patient samples of each type were
analyzed. Cryosections were fixed in 3% paraformaldehyde and permeabil-
ized with 25 ug/ml digitonin/DMSO in Pipes buffer (pH 6.8). After quench-
ing and blocking the sections were incubated in primary antibodies at 4°C
overnight and subsequently in appropriate fluorophore-conjugated second-
ary antibodies for 2 h at room temperature. TRITC-conjugated asparagus and
FITC-conjugated peanut lectin staining was performed following the immu-
nostaining procedures, by incubating for 2 h at room temperature.

Immunoprecipitations

Cells were scraped from the dishes or from filter inserts, in lysis buffer (500
and 250 ul, respectively), containing 1% (vol/vol) TX-100, 150 mM NaCl, 10
mM Tris-HCI, pH 7.4, and a protease inhibitor cocktail. The proteins were
immunoprecipitated using protein A Sepharose beads. Cell lysates (1000—
1500 ul) were used for each immunoprecipitation. The final immunoprecipi-
tates were resuspended in an equal (40 ul) volume of 2X SDS sample buffer.
In some experiments, the cell lysates were preincubated with protein A
Sepharose, as a control for any nonspecific binding to protein A. To assure the
equal protein loading in our experiments, the amount of cells in lysates was
counted, and the equal amount of cell lysates or immunoprecipitates (20 ul)
was loaded. The lysates of normal kidney cells and the cells from all ADPKD
patients were prepared from ~5 X 10° cells; 15 X 10 cells were used for each
immunoprecipitation experiment. For immunoblot analyses the proteins were
separated on 4, 6, or 10% SDS polyacrylamide gels. Two high-molecular-
weight calibration markers ranging from 67,000 to 669,000 MW (Amersham
Pharmacia Biotech, Piscataway, NJ) and from 10,000 to 250,000 MW (Bio-Rad,
Hercules, CA) were used.

Labeling of Cultured Cells with [3>Plorthophosphate

Cultured NK and ADPKD (patient 3) cells were cultivated in phosphate-free
medium for 1 h at 37° and subsequently radiolabeled with [32P]orthophos-
phate (0.5 mCi/ml, for 2 h at 37°C). Radiolabeled and unlabeled control cell
lysates were immunoprecipitated with a specific antibody against polycys-
tin-1 and subjected to SDS PAGE in parallel. The acrylamide gel with the
32P-labeled samples was dried and subjected to phosphoimage analysis on a
Molecular Dynamics (Sunnyvale, CA) system and was subsequently exposed
to film. The unlabeled immunoprecipitates were transferred to nitrocellulose
and probed with the antibodies against polycystin-1, E-cadherin, and B-cate-
nin and compared with the phosphorylated polycystin-1-associated proteins.
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Cell Surface Biotinylation

Cells were grown on cell culture filter inserts with 0.4-um pores (Falcon,
Becton Dickinson, Franklin Lakes, NJ), and incubated with Sulfo-NHS-LC-
biotin (Pierce, Rockford, IL) at 0.6 mg/ml. Both apical and basolateral surfaces
were biotinylated twice for 15 min each. The reaction was terminated by 50
mM NH,CIL. All procedures were performed on ice. The cell lysate was
subjected to immunoprecipitation or to streptavidin affinity precipitation with
30 ul of streptavidin agarose (Pierce). Quantitative analysis of precipitated
proteins was performed using densitometry and the Molecular Dynamics
ImageQuant software. The relative amounts of immunoprecipitated polycys-
tin-1, E-cadherin, and B-catenin, from a single immunoprecipitate were com-
pared in order to calculate the ratio of each protein coprecipitated as a part of
the complex. The relative ratios of proteins within the complex formed at the
plasma membrane were calculated from the biotinylation experiments. Ratios
were calculated based on immunoprecipitation with the antibody against
polycystin-1 or calculated from values obtained from separate B-catenin
immunoprecipitation experiments. The ratio of polycystin-1 coprecipitated
with E-cadherin was determined, and the average ratios were plotted as %
values with SEM from three to six independent experiments using GraphPad
Prism software (San Diego, CA).

Affymetrix Gene Chip Assays

Primary human epithelial cells isolated from normal (two patients) and
ADPKD (three patients) kidneys were grown on 10-cm dishes and RNA was
isolated using a Qiagen DNA /RNA isolation minikit (Valencia, CA). The high
quality of the RNA was established using an Agilent system before proceed-
ing. Individual RNA samples were processed for chip hybridization accord-
ing to manufacturer’s (Affymetrix, Inc., Santa Clara, CA) instruction. The
microarray experiments and analyses were performed using facilities in the
Keck-UNM Genomics Resource and the UNM Cancer Research and Treat-
ment Center. Initial data analysis was performed using Affymetrix Microarray
Suite v5.0 software, setting the scaling of all probe sets to a constant value of
500 for each Gene Chip, and all scaling factors were <20. Additional data
analysis was performed using GeneSpring (Silicon Genetics, Redwood City,
CA). The data for the cadherin genes were normalized to the average of the
two normal kidney samples and fold expression data were plotted for three
different ADPKD patient samples. In cases where the Affymetrix chips in-
clude multiple oligonucleotide probes for a given gene, the values were
plotted separately.

RESULTS

Polycystin-1 Is Associated with E-cadherin and B-catenin
Both at the Cell Membrane and Intracellularly

It was previously reported that polycystin-1, E-cadherin,
and B-catenin form a multiprotein complex in human pan-
creatic cells (Huan and van Adelsberg, 1999) and that E-
cadherin was depleted from the plasma membranes of AD-
PKD cells (Charron et al., 2000b). Therefore we undertook a
more detailed analysis of the polycystin-1/E-cadherin/g-
catenin complex in normal primary kidney epithelial cells
and the cells from ADPKD patients.

To address the question whether these proteins in fact
associate at the plasma membrane, cell surface biotinylation
experiments were conducted on normal kidney cells. Biotin-
ylated cell surface proteins from normal kidney cell lysates
were recovered with streptavidin-agarose, and the precipi-
tated proteins were immunoblotted with antibodies against
polycystin-1, E-cadherin, and B-catenin. These experiments
confirmed the presence of all three proteins at the plasma
membrane of normal kidney cells and demonstrated the
utility of the biotinylation experiments in detecting the cell
surface—expressed protein complexes (Figure 1A). The re-
covery of B-catenin in the biotinylated fraction reflects its
tight association and coprecipitation with biotinylated E-
cadherin rather than any direct biotinylation (see Figure 1, B
and C, compare lanes 1 and 2). The fact that B-catenin was
present in both samples, but not biotinylated demonstrates
the specificity of our biotinylation assay in labeling only the
cell surface-exposed epitopes. Similar lysates from biotinyl-
ated normal kidney cells were also immunoprecipitated
with antibodies against polycystin-1 (Figure 1B) and B-cate-
nin (Figure 1C). Half of the immunoprecipitated protein
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Figure 1. Polycystin-1 forms a complex with E-cadherin and
B-catenin both at the cell membrane and in cytoplasm. Lysates from
cell surface-biotinylated cells were precipitated with (A) streptavi-
din agarose, (B) antibodies against polycystin-1, or (C) antibodies
against B-catenin. The proteins recovered in the immunoprecipi-
tated fractions were probed with streptavidin-horseradish peroxi-
dase to visualize the biotinylated plasma membrane proteins asso-
ciated with polycystin-1 (B, lane 1) and B-catenin (C, lane 1). In
parallel the streptavidin precipitates or the immunoprecipitates
were also probed with the antibodies against polycystin-1, E-cad-
herin, and B-catenin to identify these proteins in the biotinylated
samples (A, lane 2 in B and C). (D) The association of E-cadherin
and polycystin-1 in multiprotein complexes was quantified and
plotted using Prism software. Light bars represent quantification of
the efficiency of coimmunoprecipitation of the two proteins in the
cell surface complexes as shown in the lane 1 of the B and C. Dark
bars represent quantification of the efficiency of coimmunoprecipi-
tation of E-cadherin and polycystin-1 in the total cellular complexes
as shown in the lane 2 of B and C. The values reflect the fraction of
E-cadherin coprecipitated with polycystin-1 (lefthand bars) using
the antibody against polycystin-1 or the fraction of polycystin-1
coprecipitated with E-cadherin (righthand bars) using and antibody
against B-catenin for immunoprecipitation (mean, SE; n = 3). The
ratio of E-cadherin coprecipitated with B-catenin was 97% and
served to validate this approach.

mm Cell (total)
== Plasma membrane

sample was then immunoblotted with HRP-conjugated
streptavidin to identify the cell surface—exposed proteins
(Figure 1, B and C, lanel). The remainder of the immuno-
precipitated protein sample was immunoblotted in parallel
to identify those biotinylated proteins that corresponded to
polycystin-1, E-cadherin, or B-catenin (Figure 1, B and C,
lane 2). The latter sample also provided an estimate of the
total amount of each protein recovered in the immunopre-
cipitates, reflecting the combined cell surface and intracellu-
lar protein pools. As expected, a prominent biotinylated
protein corresponding to polycystin-1 was recovered in
samples immunoprecipitated with an antibody against poly-
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cystin-1 (Figure 1B). Conversely, biotinylated polycystin-1
was also recovered in samples immunoprecipitated with an
antibody against p-catenin (Figure 1C), demonstrating its
association with adherens junction components. Biotinyl-
ated E-cadherin was recovered in the samples immunopre-
cipitated with antibodies against polycystin-1 as well as in
the positive control samples immunoprecipitated with
B-catenin. These data demonstrate that polycystin-1 is
present in a complex with E-cadherin and B-catenin and that
the complex is present at the plasma membrane.

An estimate of the extent of polycystin-1/E-cadherin com-
plex formation at the cell surface (Figure 1, B and C, lane 1)
or in the total cell samples (Figure 1, B and C, lane 2) was
obtained by quantifying the amounts of E-cadherin and
polycystin-1 in the precipitates and expressing the efficiency
of coprecipitation as a fractional ratio (Figure 1D). When the
multiprotein complex was precipitated with the antibody
against polycystin-1, the efficiency of E-cadherin recovery
was 76% for the cell surface complexes and 67% for the total
cellular complexes (n = 3). When the complex was recov-
ered with antibodies against B-catenin the efficiency of poly-
cystin-1 recovery was 24% for the cell surface complexes and
30% for the total cellular complexes (n = 3). These data
indicate a significant fraction of polycystin-1 is complexed
with E-cadherin at the plasma membrane. The fact that this
fraction is constant for both the total and cell surface sam-
ples suggests the complex may also exist in intracellular
pools, though this point requires further evaluation. Pulse
chase experiments were not tractable with the number of
primary cells available. The reduced efficiency of polycys-
tin-1 coprecipitation with E-cadherin complexes suggests
that the polycystin-1 may play a regulatory role rather than
a structural role in adherens junction stability or assembly
because its association with E-cadherin appears to be subs-
toichiometric in comparison to ~1:1 (equal to 0.97) E-cad-
herin/ B-catenin ratios determined in our experiment.

It is noteworthy that polycystin-1 associated not only with
the adherens junction proteins, but also appeared to com-
plex with additional cell surface proteins outside of the
adherens junction. This was evidenced by the presence of a
number of unidentified biotinylated proteins in Figure 1B,
lane 1, that were not evident in the B-catenin immuoprecipi-
tates in Figure 1C, lane 1. Future studies will be directed
toward identifying these proteins.

The Levels of Polycystin-1 Protein Are Similar in Normal
Kidney and ADPKD Cells

Cyst-lining ADPKD epithelia may continue to express poly-
cystin-1 protein in situ without significant alteration in mo-
lecular weight (Ong ef al., 1999; Rossetti et al., 2002). How-
ever, in light of other reports that ADPKD may result from
a loss of heterozygosity and a loss of polycystin-1 expression
(4), it was crucial to establish if polycystin-1 was expressed
and/or significantly altered in our patient samples. Immu-
noblotting experiments performed with an antibody di-
rected against polycystin-1 recognized a high- molecular-
weight protein that was not detected by preimmune serum
and blocked by preincubation with the antigen (Figure 2A).
Using a 4% polyacrylamide gel and low current, we
achieved greater separation of high-molecular-weight pro-
teins by SDS-PAGE and could demonstrate that only a single
protein with a molecular weight > 400,000 was detected
with our antibody (Figure 2B). Immunoblot analyses of ly-
sates prepared from primary normal kidney and ADPKD
epithelia revealed similar expression levels of polycystin-1
in the normal and disease cells (Figure 2C). No significant
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Figure 2. Polycystin-1 expression levels are similar in normal kid-
ney and ADPKD cells. (A, lanes 1-3) The specificity of our rabbit
polyclonal antibody NMO005 raised against a distal fragment of the
polycystin-1 carboxy-terminus is demonstrated. Normal kidney cell
lysates were immunoblotted with (1) NMO005 antibody, directed
against polycystin-1, (2) NMO005 preincubated with antigen, and (3)
preimmune serum. (B) The proteins from the normal kidney cell
extract were separated on 4% polyacrylamide gel for 4 h, until only
150 and 250 MW prestained protein standard bands were left in the
gel at the end of the electrophoresis. (C) Total cellular expression of
polycystin-1 was evaluated in cell lysates prepared from the cells
from normal kidney (NK) and three ADPKD patients (ADPKD P1,
P2, and P3).

alteration in the molecular weight of the proteins was noted,
in agreement with previously published in situ data.

The Polycystin-1/E-cadherin/ B-catenin Complex Is
Disrupted in ADPKD Cells

The continued expression of polycystin-1 in the patient sam-
ples enabled us to address if the protein was still able to
form functional complexes with the adherens junction pro-
teins (Figure 3). Polycystin-1 protein complexes were eval-
uated by immunoprecipitation of cell lysates with our anti-
polycystin-1 antibody. Very little or no E-cadherin was
coimmunoprecipitated with polycystin-1 in experiments us-
ing ADPKD cell lysates from three different patients. In
contrast, robust levels of E-cadherin were readily coprecipi-
tated with polycystin-1 from normal kidney cell samples.
These findings suggested that in ADPKD cells E-cadherin
did not form a stable complex with polycystin-1. Interest-
ingly, B-catenin remained associated with polycystin-1 in
ADPKD cells.

Polycystin-1 Is Highly Phosphorylated in ADPKD Cells

Both polycystin-1 and E-cadherin have been shown to be
regulated by their phosphorylation status (Geng et al., 2000).
Therefore, we tested whether or not changes in protein
phosphorylation might contribute to their altered associa-
tion. Cultured normal kidney and ADPKD cells were la-
beled with [**PJorthophosphate, and the cell lysates were
immunoprecipitated with a specific antibody directed
against polycystin-1. The phosphorylated proteins in the
immunoprecipitates were identified by autoradiography
(Figure 4, left lanes) and immunoblotting (Figure 4, right
lanes). Phosphorylation of polycystin-1 was dramatically
higher in ADPKD cells as compared with the normal kidney
cells (Figure 4, left lanes). However, [**P]phosphate incor-
poration into other polycystin-1-associated proteins, includ-
ing polycystin-2 and B-catenin, was not significantly differ-
ent in the normal and disease cells. E-cadherin was
associated with polycystin-1 only in the normal kidney cells,
and its phosphorylation was not prominent. It is noteworthy
that there also appeared to a be a lower recovery of poly-
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Figure 3. A normal multiprotein complex between polycystin-1,
E-cadherin, and B-catenin is disrupted in ADPKD cells. Cell lysates
prepared from normal kidney (NK) and three ADPKD patients
(ADPKD P1, P2, and P3) were immunoprecipitated (IP) with our
antipolycystin antibody under nondenaturing conditions. Immuno-
precipitates were immunoblotted with antibodies directed against
polycystin-1, E-cadherin, and B-catenin to determine expression of
these proteins in the immunoprecipitates.
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cystin-2 in the immunoprecipitates from the ADPKD than
that in the normal control, suggesting that the normal asso-
ciation between polycystin-1 and -2 might also be compro-
mised in ADPKD cells.

The Normal E-cadherin/3-catenin Complex Is Disrupted in
ADPKD Cells

The previously described experiment showed that in AD-
PKD cells B-catenin remained in a complex with polycys-
tin-1 in the absence of E-cadherin. These results raised ques-
tions as to the fate of the E-cadherin/B-catenin complex in
ADPKD cells. Therefore, we compared the interaction of the
two proteins in normal kidney and ADPKD primary epithe-
lial cells within the adherens junction complex.

In normal kidney cells, both E-cadherin and B-catenin
were expressed at the plasma membrane and colocalized at
the lateral plasma membrane (Figure 5, top panels). Al-
though E-cadherin was not expressed at the cell surface of
ADPKD cells, B-catenin continued to outline cell borders of
ADPKD cells analogous to normal kidney cells (Figure 5A,
bottom panels). However, in ADPKD cells the plasma mem-
brane B-catenin was notably less discretely linear and cyto-
plasmic staining was evident. No colocalization of E-cad-
herin and B-catenin was observed in ADPKD cells, even
intracellularly (Figure 5A, bottom panel merge).

The total cellular expression levels of E-cadherin in PKD
cells were variable between individual ADPKD patient sam-
ples as reported previously (Charron et al., 2000a), whereas
B-catenin levels were apparently invariant in normal and
ADPKD cells (Figure 5B). E-cadherin was coimmunoprecipi-
tated with B-catenin from normal kidney cell samples, but
the two proteins were not coimmunoprecipitated from AD-
PKD cell samples (Figure 5C). Thus, both morphological and
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Figure 4. Polycystin-1 is highly phosphorylated in ADPKD cells.
The [*?PJorthophosphate labeled samples (two left lanes) and unla-
beled samples (right lanes) from normal kidney (N) and ADPKD (P)
cells were immunoprecipitated (IP) with antipolycystin antibody
under nondenaturing conditions. Immunoprecipitates were immu-
noblotted with antibodies directed against polycystin-1, polycys-
tin-2, E-cadherin, and B-catenin to confirm their presence or absence
in the immunoprecipitates and establish the identity of the 3%P-
labeled proteins. The relative migration of polycystin-2 is indicated
with an arrow. Polycystin-2 was not significantly phosphorylated.
Because polycystin-2 has a molecular weight just above beta-catenin
this immunoblot is shown separately. HC, IgG heavy chain.

biochemical evaluations demonstrated that the E-cadherin/
B-catenin complex was disrupted in ADPKD cells. The level
of E-cadherin expression in ADPKD patient 3 was lower
than in normal kidney cells (Figure 5B) and is likely due to
the partial lysosomal degradation of the protein in the dis-
ease cells (Charron ef al., 2000b).

Plasma Membrane Expression of Polycystin-1 Is
Diminished in ADPKD Cells

The observed interaction of polycystin-1 and B-catenin, even
in the absence of cell surface E-cadherin, together with the
continued cell surface expression of B-catenin raised the
possibility that only E-cadherin was mislocalized in the dis-
ease cells. To address this issue, the subcellular localization
of polycystin-1 relative to adherens junction proteins was
evaluated in dual immunofluorescence staining experi-
ments. Inmunostaining for polycystin-1 showed that in nor-
mal kidney epithelial cells polycystin-1 was localized to the
plasma membrane (Figure 6A, NK). A fraction of polycys-
tin-1 was also consistently detected in the nucleus as has
been observed by other investigators (Peters et al., 1999). In
ADPKD cells from one of three patients polycystin-1 was
faintly present at the plasma membrane; however, the poly-
cystin-1 staining in these cells was more diffuse than that in
normal kidney cells (Figure 6, A and B, ADPKD P1). In
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Figure 5. E-cadherin is not expressed at
the lateral plasma membrane and does not
form a complex with B-catenin in ADPKD
cells. (A) Confluent monolayers of primary
normal kidney (NK) and ADPKD (patient 2)
were immunostained for E-cadherin (red)
and pB-catenin (green). Samples were im-
aged on a Zeiss LSM510 (Thornwood, NY),
and 0.5-um sections are shown of each of B
the individual protein distributions (black

and white images) as well as a merge (color)

to show any colocalization in yellow. Bar, 20
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ney (NK) and three ADPKD patients (AD-
PKD P1, P2, and P3). (C) The association of
E-cadherin and B-catenin was monitored in
confluent normal kidney (NK) and ADPKD
cells by coimmunoprecipitation studies.
Cell lysates prepared under nondenaturing
conditions were immunoprecipitated with a
specific mAb directed against B-catenin.
Cell lysates (—) and immunoprecipitates (+)
were immunoblotted (IB) with antibodies
directed against E-cadherin and B-catenin.
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ADPKD cells from two other ADPKD patients, polycystin-1
was undetectable at the plasma membrane and instead was
present in small intracellular vesicles under all conditions
tested (Figure 6A, ADPKD P3; patient 2 is not shown).
Interestingly, nuclear staining of polycystin-1 was most pro-
nounced when the protein was detected at the plasma mem-
brane, and nuclear staining was not evident when polycys-
tin-1 exhibited a diffuse cytoplasmic localization. Thus,
primary ADPKD cells exhibit a deficiency in their ability to
express polycystin-1 at the plasma membrane and possibly
in the nucleus.

In normal kidney cells polycystin-1 (red) and E-cadherin
(green) were partially colocalized at the plasma membrane
(Figure 6A, NK panels). Interestingly, the colocalization of
the two proteins at the plasma membrane was not continu-
ous, but was instead restricted to localized sites of cell-cell
contacts (Figure 6A, NK, merge; see insets), further suggest-
ing the polycystin-1/E-cadherin association may be regula-
tory in nature, rather than structural. In ADPKD patient 1,
where polycystin-1 was weakly expressed at the plasma
membrane, E-cadherin was largely sequestered in large cy-
toplasmic vesicles that are most likely endosomes (Le et al.,
1999). In the occasional ADPKD cells where cell surface
E-cadherin could still be observed, the staining appeared
diffuse and disorganized and colocalization with polycys-
tin-1 was not apparent (Figure 6A, ADPKD P1, merge inset).

Vol. 15, March 2004

|
= J e —- - E-cadherin

=3he

p2 B3 NK ADPKD

- - E-cadherin

100

S i

IB: anti-E-cadherin
IB: anti-B-catenin

In the other two ADPKD patient samples neither polycys-
tin-1 nor E-cadherin were expressed at the plasma mem-
brane of the disease cells and only diffuse cytoplasmic ex-
pression was evident. Representative images from patient 3
are shown in Figure 6A, ADPKD P3 panels. Generally, little
to no colocalization of the two proteins was seen in the
cytoplasm, although in rare cells (usually in one cell per
visual field) some intracellular colocalization of polycystin-1
and E-cadherin was observed (Figure 6A, ADPKD P3, merge
inset).

Given the continued association of polycystin-1 with
[B-catenin observed in coimmunoprecipitation experiments,
it was also of interest to examine the cellular localization of
polycystin-1 relative to B-catenin. In normal kidney cells
both polycystin-1 (red) and B-catenin (green) were very
obviously colocalized at the plasma membrane (Figure 6B,
NK panels). As was the case for E-cadherin, the colocaliza-
tion was not continuous, but was seen in focal patches at
sites of cell-cell contacts. The colocalization of the two pro-
teins was more prominent than polycystin-1/E-cadherin co-
localization (Figure 6B, NK, merge). In the ADPKD cells
from patient 1 where polycystin-1 could still be detected at
the plasma membrane, polycystin-1 exhibited some colocal-
ization with B-catenin at the plasma membrane (Figure 6B,
ADPKD P1 panels). Despite a noticeable increase in cytosolic
B-catenin in the APDKD cells, an increase in nuclear B-cate-
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polycystin-1
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Figure 6. Comparison of polycystin-1, E-cadherin, and B-catenin
localizations in normal kidney and ADPKD cells. Confluent normal
kidney (NK) and ADPKD cells were double-labeled with polyclonal
NMO05 antibody directed against polycystin-1 and monoclonal an-
tibodies directed against (A) E-cadherin and (B) B-catenin and im-
aged as in Figure 5. Shown are one NK sample and two ADPKD
patient samples (P1 and P3). Black and white panels show individ-
ual localizations of polycystin-1, E-cadherin, and B-catenin as indi-
cated. Dual staining is presented in the merged images where
polycystin-1 is in the red channel, and (A) E-cadherin and (B)
B-catenin are in the green channel. Colocalization sites of (A) poly-
cystin-1 and E-cadherin and (B) polycystin-1 and p-catenin are seen
as a yellow overlap pattern. Insets in the merged images (A) show
a twofold enlarged detail of sites where the two proteins are colo-
calized. Bar, 20 um.

nin was not readily evident. However, this does not pre-
clude the increased nuclear activity of B-catenin and would
require further testing. Polycystin-1 and B-catenin were also
partially colocalized intracellularly. In the absence of any
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polycystin-1 expression at the plasma membrane, as in pa-
tient 3, the B-catenin staining was more diffuse and was
found colocalized with polycystin-1 in the cytoplasm of
these cells (Figure 6B, ADPKD P3, merge). These data sug-
gest there may be an important interaction between poly-
cystin-1 and B-catenin that is distinct from the E-cadherin
association.

N-cadherin Replaces E-cadherin at the Plasma Membrane

of ADPKD Cells and Is Not Significantly Associated with
Polycystin-1

The observation that B-catenin was still expressed at the
plasma membrane of disease cells, despite the depletion of
E-cadherin from the membrane was quite surprising, be-
cause (-catenin is a cytosolic cadherin-associated protein
and its plasma membrane localization requires association
with an integral plasma membrane protein (usually a cad-
herin family member protein). Because polycystin-1 was
also largely depleted from the plasma membrane of the
disease cells, the observed association between B-catenin
and polycystin-1 could not account for the plasma mem-
brane disposition of B-catenin.

Immunofluorescence staining of the disease cells with a
pan-cadherin antibody revealed the presence of an alternate
cadherin family member at the plasma membrane (unpub-
lished data). A series of immunostaining experiments were
conducted to identify the alternate cadherin expressed in
ADPKD cells. The kidney cadherin, K-cadherin/cadherin 6
was excluded because it was present at similarly low levels
in both normal kidney and ADPKD cells (Charron et al.,
2000b). Therefore, other candidates were considered with
particular attention to N-cadherin. Switches in N-cadherin/
E-cadherin expression occur during normal embryonic de-
velopment and tissue morphogenesis (Vleminckx and Kem-
ler, 1999; Angst et al., 2001; Pla et al., 2001) as well as in
disease states such as oncogenic cell dedifferentiation (Islam
et al., 1996; Tomita et al., 2000; Wheelock et al., 2001; Caval-
laro et al., 2002). ADPKD cells lacking plasma membrane
E-cadherin exhibited strong plasma membrane immuno-
staining with an antibody specific for N-cadherin (Figure
7A, right panel).

In normal kidney epithelial cells N-cadherin was ex-
pressed at low abundance and not detected at the plasma
membrane (Figure 7A, left panel). Immunoblot analysis re-
vealed significant N-cadherin expression in ADPKD cells,
whereas N-cadherin expression in normal kidney cells was
very low (Figure 7B), in agreement with the immunofluo-
rescence staining data. N-cadherin expression increased pro-
portionately as the levels of E-cadherin decreased in AD-
PKD cells (Figure 7C). Immunoprecipitation experiments
revealed that N-cadherin was significantly coimmunopre-
cipitated with B-catenin from ADPKD cell lysates (Figure
6D), indicating that the two proteins form a complex in
ADPKD cells and explaining the continued presence of
B-catenin at the plasma membrane of disease cells, despite
the depletion of plasma membrane E-cadherin and polycys-
tin-1.

Given the existence of an N-cadherin/B-catenin complex
in ADPKD cells, we evaluated whether polycystin-1 might
be associated with this complex in ADPKD cells. Polycys-
tin-1 was consistently detected in a complex with B-catenin
(see also data in Figure 3B), but was not apparently associ-
ated with mature N-cadherin in the ADPKD cell lysates
(Figure 7E). A faint lower-molecular weight band seen in the
immunoprecipitates (Figure 7E, + lanes) may represent an
association with an extremely minor pool of nonglycosy-
lated (Balsamo and Lilien, 1990) or nonphosphorylated
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Figure 7. N-cadherin replaces E-cadherin at the plasma membrane
of ADPKD cells and forms a complex with B-catenin. (A) N-cad-
herin was visualized by immunofluorescence staining of normal
kidney (NK) and ADPKD cells using a mouse mAb directed against
N-cadherin. Bar, 20 um. (B) The total cellular expression of N-
cadherin was analyzed in normal kidney cell lysates (NK) and cell
lysates from three ADPKD patients (ADPKD P1, P2, and P3) by
immunoblotting (IB). (C) The same blot was subsequently probed
with an antibody directed against E-cadherin to reveal the total
levels of E-cadherin expression in the same samples. (D and E) The
presence of N-cadherin/B-catenin complexes and their association
with polycystin-1 were assessed by coimmunoprecipitation experi-
ments. Cell lysates from two ADPKD patients (ADPKD P2, P3) were
immunoprecipitated (IP) with an antibody directed against (D)
B-catenin and (E) against polycystin-1. The cell lysates (—) and
immunoprecipitates (+) were immunoblotted (IB) with a polyclonal
antibody directed against N-cadherin and subsequently immuno-
blotted with an antibody directed against -catenin.

(Wahl et al., 2003) newly synthesized N-cadherin. However,
the higher-molecular-weight, cell surface-expressed mature
form of N-cadherin, which predominated in cell lysates
(Figure 7E, — lanes), was clearly not coimmunoprecipitated
with polycystin-1. Immunofluorescence experiments also
did not show any significant colocalization between poly-
cystin-1 and N-cadherin in ADPKD cells (unpublished data).
Thus, in ADPKD cells N-cadherin replaces E-cadherin at the
plasma membrane and forms a complex with B-catenin, but
is not significantly associated with polycystin-1 at the cell
surface. Whether or not there is a minor intracellular pool of
N-cadherin associated with polycystin-1 and its significance
remains open for future investigation.
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Figure 8. The level of N-cadherin RNA expression is significantly
elevated in ADPKD cells. Total RNA was prepared from the cul-
tured primary epithelial cells from two different normal kidney
(NK1 and NK2) and three ADPKD samples (P1, P2, and P3) and
used for hybridization to Affymetrix Gene Chips. The data were
normalized against the median value of the normal kidney samples.
The fold RNA expression values were plotted using Prism Software.
Plotted are E-cadherin (ECAD), N-cadherin (NCAD), vascular epi-
thelial cadherin (7B4), vascular epithelial cadherin 2 or protocad-
herin (VECAD2), and neuronal N-cadherin precursor protein
(CDH12). The hybridization to two different E- and N-cadherin
oligonucleotides on the chips is graphed separately.

N-cadherin RNA Expression Is Increased in ADPKD Cells

Microarray assays were used to determine the differences in
gene expression profiles in the normal kidney epithelial cells
and the cells from ADPKD patients. The cells from two
different kidney samples and three ADPKD patients (P1, P2,
and P3) were analyzed. RNA was prepared and used for the
synthesis of hybridization probes, which were hybridized to
Affimetrix Gene Chips in the UNM KUGR facility. The data
were analyzed using GeneSpring, enabling parallel evalua-
tion of the RNA expression levels for E-cadherin, N-cad-
herin, vascular epithelial cadherin 7B4, vascular epithelial
cadherin 2 (or protocadherin) VECAD2, and neuronal N-
cadherin precursor protein CDH12 in normal vs. ADPKD
samples. N-cadherin RNA expression was significantly up-
regulated in ADPKD cells compared with normal kidney
cells (Figure 8), suggesting that the increased protein expres-
sion observed biochemically and by immunofluorescence
results from changes in gene expression. The RNA expres-
sion levels for E-cadherin as well as for several other cad-
herins was not significantly different in all samples exam-
ined. This is consistent with our previous findings that the
biosynthetic rate of E-cadherin was similar in normal and
ADPKD cells with primarily the de novo insertion and
plasma membrane stability of the protein being altered in
the disease cells (Charron ef al., 2000b).

ADPKD Cyst-lining Epithelia Express Both E- and N-
cadherin In Situ

Immunofluorescence staining of normal and cystic kidney
tissue slices was performed to analyze the E- and N-cad-
herin expression in normal kidney tubules and cysts. As
reported by a number of authors (Leussink et al., 2001; Dahl
et al., 2002) and shown in our experiments; the expression of
these two adherens junction proteins in normal kidney ep-
ithelia is quite distinct and restricted to specific parts of the
nephron (see Figure 9 below). Proximal and distal tubule
markers were used to distinguish the origin of primary
kidney epithelial cells, tubules, and cysts.
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N-cadherim.  *

Figure 9. ADPKD cysts express both N- and E-cadherin. Tissue sections of (a-f) normal kidney cortex and (g—-j) ADPKD cystic tissue were
double- or triple-labeled with (a, ¢, d—f, h, and j) polyclonal antibodies directed against E-cadherin, (b, ¢, g, i, and j) a mAb against N-cadherin,
and (d-g) tubule-specific lectins. (a-c) E-cadherin (red) and N-cadherin (green) are expressed in distinct normal kidney tubules. (d)
E-cadherin (red) is colocalized with peanut lectin (green) specific for distal parts of the nephron (distal tubules and collecting duct). (e and
f) E-cadherin (green) exhibits a distinct distribution from asparagus lectin (red), a marker for the proximal tubules. (g) N-cadherin is
overexpressed in early cysts. ADPKD tissue triple-labeled with an mAb directed against N-cadherin (blue), with lectins for proximal tubules
(PT, red) and distal tubules (DT, green). (h—j) E-cadherin (red) and N-cadherin (green) exhibit overlapping distributions in ADPKD cysts.

Bars, 20 pm.

In the normal kidney cortex E-cadherin was exclusively
expressed in distal segments of the nephron (Figure 9,
a—f). The distal tubules were definitively identified by
their reactivity with FITC-labeled peanut lectin (Figure
9d), whereas proximal tubules were identified by the
strong brush border staining produced by TRITC-labeled
asparagus lectin (Figure 9, e and f). The E-cadherin was
stained with TRITC- or FITC-conjugated secondary anti-
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bodies to determine its colocalization with the lectin
probes (Figure 9, d—f). The E-cadherin was clearly arrayed
along the basolateral membranes of only distal tubules, as
evidenced by the sharp outlining of each cell in the tubule.
N-cadherin (Figure 9, a—c) and K-cadherin/cadherin-6
(unpublished data) exhibited weak expression limited to
proximal tubules. Neither N-cadherin nor K-cadherin
were ever seen at the plasma membrane of the proximal
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tubules and only diffuse or punctate intracellular staining
was observed (Figure 9b).

Immunofluorescence staining of cystic kidney tissue from
ADPKD patient showed an abundance of cysts of distal
tubule or collecting duct origin based on their reactivity with
peanut lectin (green; Figure 9g and supplementary material
Figure 1). Proximal tubule derived cysts positive for aspar-
agus lectin (red) were observed only occasionally, possibly
because of the destruction of the proximal tubule epithelial
brush border. Based on lectin staining of our primary epi-
thelial, both our normal and ADPKD cells were of distal
nephron origin (supplementary material).

Analyses of the cadherin distributions in ADPKD tissue
revealed that, unlike the normal kidney tubules, the cyst-
lining epithelia simultaneously expressed both E- and N-
cadherin (Figure 9, h—j). These results are in agreement with
our biochemical experiments showing both E-cadherin and
N-cadherin reciprocally expressed in ADPKD cells (Figure 7,
B and C). N-cadherin expression levels in cysts were mark-
edly increased relative to the normal kidney tubule samples,
and N-cadherin was plasma membrane associated, though
an intracellular pool was also apparent (compare Figure 9i to
9b). E-cadherin was only partially plasma membrane local-
ized. Significant intracellular staining was evident by the
fuzzy appearance of the cell borders compared with the
sharp lateral cell staining seen in the normal kidney samples
(contrast Figure 9, a and h). Thus, the observed expression of
N-cadherin with decreased E-cadherin expression in the
primary ADPKD cells (Figure 7) accurately reflects what is
observed in cyst lining epithelia in situ.

The apparent switch in cadherin expression during the
ADPKD cyst development or progression is apparent in
Figure 9g. In this ADPKD kidney section, noncystic distal
tubules (DT, green) are negative for N-cadherin (blue).
However, even in relatively small cysts of distal tubule
origin (green), the epithelium is positive for N-cadherin
expression (blue). Two proximal tubules (PT, red) displayed
stronger N-cadherin staining than observed in the normal
kidney sample and may represent small proximal tubule-
derived cysts at an early stage of cyst formation. At later
stages such proximal tubule-derived cysts are difficult to
detect and may reflect the loss of such cysts during disease
progression. The cumulative results show that cystic epithe-
lia of distal origin reexpress N-cadherin together with E-
cadherin even at early stages of cyst formation. The expres-
sion of N-cadherin in ADPKD cysts is also demonstrated in
Figure 2 of the supplementary material. Thus, the loss of
normal cadherin expression in ADPKD cyst-lining epithelia
appears to be an important event in disease pathogenesis
and likely contributes to impaired effectiveness of cell-cell
adhesion.

DISCUSSION

The present study identified a disruption of the normal
polycystin-1 complex with the adherens junction proteins,
E-cadherin and B-catenin, in primary kidney epithelial cells
from ADPKD patients. Polycystin-1 was largely absent from
the plasma membrane of ADPKD cells, as was E-cadherin,
and the two proteins were not associated in the disease cells.
Dramatically increased phosphorylation of polycystin-1 in
the disease cells most likely reflects changes in intracellular
signaling cascades and suggests that the protein complex
might be regulated by changes in phosphorylation. Quite
unexpectedly, a significant fraction of the [-catenin re-
mained at the cell surface because of an interaction with
N-cadherin expressed at the plasma membrane of ADPKD
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cells and cyst-lining epithelium in situ. N-cadherin could not
apparently substitute for E-cadherin and failed to complex
with polycystin-1. Increased N-cadherin expression was
transcriptionally regulated, whereas E-cadherin was modu-
lated at the protein level. Thus, ADPKD kidney epithelial
cells are typified by a transition toward a partially dediffer-
entiated state, in part characterized by reexpression of mes-
enchymal N-cadherin. We suggest the expression of mutant
polycystin-1 in ADPKD cells, which fails to be cell surface—
expressed and assemble into multiprotein complexes with
E-cadherin, results in altered cell-cell adhesion and polycys-
tin-1 signaling, thereby triggering dedifferentiation.

Loss of Plasma Membrane Polycystin-1 in ADPKD Cells
and Cysts

It is of interest to consider the possible causes contributing to
the loss of plasma membrane localized polycystin-1 in AD-
PKD cells and cysts. In our biochemical analyses, polycys-
tin-1 protein expression levels were remarkably similar in
both normal kidney cells and primary ADPKD cells from
several patients and there was no evidence of any obvious
molecular weight change in the disease cells. These data
concur with in situ studies of polycystin-1 protein expres-
sion in cysts (Ward et al., 1996). Sequence analysis the PKD1
and PKD2 alleles in our primary ADPKD cells is in progress.
Sequencing of the complete PKD2 gene (except for exon 1)
revealed no mutations. Sequencing of nearly two thirds of
the PKD1 gene (exons 2-11, 15-21, and 33-46) in two of the
three patient samples (P1 and P2) and one quarter of the
PKD1 gene (exons 15-21) in the third patient sample (P3) has
not yet identified disease-specific mutations. Because of the
complexity of the undertaking and the fact that no muta-
tions are found in 30% of all patients screened, complete
molecular analyses will require more detailed study. All
together the data support the postulate that secondary mu-
tations in the remaining normal PKD1 allele, thought to
incite cyst formation in ADPKD, frequently do not lead to
loss of polycystin-1 protein or gross changes in the ex-
pressed protein. Therefore, the loss of plasma membrane
polycystin-1 reflects changes in protein localization and
function rather than changes in expression level.

The suggestion that changes in polycystin-1 localization
are closely coupled to disease status is further supported by
the published literature. For example in an in vitro model,
polycystin-1 was cell surface localized in MDCK cells during
tubulogenesis, but entirely intracellular under conditions
promoting cystogenesis (Bukanov et al., 2002). The loss of
polycystin-1 cell surface expression precipitated by its intra-
cellular accumulation has also been implicated to contribute
to tuberous sclerosis, another renal cystic disorder (Kleym-
enova ef al., 2001; Kugoh et al., 2002). Thus, we propose that
the loss of cell surface polycystin-1 expression in ADPKD
cells, possibly precipitated by changes in its phosphoryla-
tion status, serves as an important trigger in altered epithe-
lial cell differentiation and morphology.

Hyperphosphorylation of Polycystin-1 and Impaired
Plasma Membrane Expression of E-cadherin in ADPKD
Cells

Increased phosphorylation of polycystin-1 in ADPKD cells
suggests that the complexes between polycystin-1 and its
associated proteins may be disrupted through altered phos-
phorylation. It is well known that protein-protein interac-
tions are very often dependent on the phosphorylation sta-
tus of the complexed proteins. In the case of the adherens
junction proteins, tyrosine phosphorylation leads to a loss of
B-catenin/E-cadherin association and decreases adhesion ef-
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ficiency, whereas dephosphorylation of B-catenin increases
cadherin-mediated cell-cell adhesion (Taddei et al., 2002).
Phosphotyrosine immunoblots failed to reveal any signifi-
cant differences in E-cadherin or -catenin phosphorylation
status in normal kidney compared with ADPKD cells (un-
published data), suggesting this was not the cause of the
observed changes in E-cadherin-mediated adhesion. In-
stead, polycystin-1 proved to be hyperphosphorylated in
ADPKD cells. Polycystin-1 multiprotein complexes are
known to be modified by tyrosine phosphorylation, with
inhibition of phosphorylation resulting in enhanced poly-
cystin-1/E-cadherin association (Geng et al., 2000). Taken
together, it appears likely that hyperphosphorylated state of
polycystin-1 contributes to the disruption of the polycystin-
1/E-cadherin complex in ADPKD cells.

Increased phosphorylation of polycystin-1 in ADPKD
cells could also account for the observed decrease in its
association with polycystin-2 and would be expected to
impact calcium flux across the plasma membrane. Polycys-
tin-1 is well known to form a complex with polycystin-2 and
thus modulate and stabilize polycystin-2 calcium-permeable
channel activity (Tsiokas et al., 1997; Xu et al., 2003). The
conductivity of a number of other ion channels (such as
CFIR Cl~, Ca?*, and ROMK1) is regulated and often inhib-
ited by the phosphorylation (Barbar et al., 2003; Raghuram et
al., 2003; Zeng et al., 2003). Consequently, we speculate that
diminished or impaired Ca?" influx via polcystin-1/2 chan-
nel could result as a consequence of polycystin-1 hyperphos-
phorylation and/or the disruption of their association in
ADPKD cells.

The loss of cell surface E-cadherin expression in ADPKD
cells is most likely closely linked to failed plasma membrane
stabilization rather than to problems with expression or de
novo insertion. In the present study we show that E-cad-
herin RNA levels are not dramatically different in normal
and ADPKD cells. This finding agrees with our previous
work where it was shown that E-cadherin biosynthesis rates
and catenin assembly were relatively normal, whereas there
was a twofold reduction in plasma membrane delivery of
newly synthesized molecules (Charron et al., 2000b). Re-
duced delivery alone cannot account for the complete de-
pletion of cell surface E-cadherin observed at a steady state.
Therefore it is interesting that E-cadherin in ADPKD cells
was noticeably accumulated in punctate endosomal-like
structures, distinct from the Golgi complex. Internalization
and recycling of E-cadherin is known to influence plasma
membrane expression levels and has emerged as a tightly
regulated process (Le et al., 1999; Fujita et al., 2002).

E-cadherin stability at the plasma membrane may also
depend on appropriate local calcium concentrations or cal-
cium-dependent signaling dictated by proper polycystin-1/
polycystin-2 association and channel function. The impor-
tance of calcium is supported by the observation that high
exogenous calcium promotes the association of E-cadherin
and polycystin-1 in human collecting tubule cells (Geng et
al., 2000). Thus, alterations in E-cadherin stabilization may
be set in motion by changes in the plasma membrane dis-
tribution of polycystin-1 that in turn impact polycystin-2
association and calcium channel activity. Therefore, analyses
of how the phosphorylation status and Ca®* channel activity
of the polycystins impact E-cadherin recycling are consid-
ered important topics for further study.

Replacement of E-cadherin by N-cadherin in ADPKD Cells
and in Cysts

The loss of E-cadherin was offset by an induction of N-
cadherin gene and protein expression in ADPKD cells, caus-
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ing B-catenin to be largely retained at the plasma membrane.
ADPKD patient P3 was somewhat exceptional in this re-
gard, exhibiting both cell surface and cytoplasmic expres-
sion of B-catenin. The persistent association of a fraction of
B-catenin with polycystin-1 even in the disease cells implies
that their interaction may be independent of E-cadherin, and
it will be important to examine whether or not the polycys-
tin-1/B-catenin complex has any role in regulating prolifer-
ation. In general, it appears that retention of the large B-cate-
nin pool at the plasma membrane, through an association
with N-cadherin, may slow ADPKD progression and ex-
plain the continued retention of a partially polarized phe-
notype. The loss of plasma membrane polycystin-1 and E-
cadherin with continued plasma membrane retention of
B-catenin reported here for ADPKD cells is analogous to
findings obtained using a rat model of tuberous sclerosis,
another cystic kidney disease (Kugoh et al., 2002). However,
in this case N-cadherin expression was not examined. In
tuberous sclerosis defects in trafficking machinery compo-
nents result in the intracellular retention of polycystin-1 in
the Golgi complex (Kleymenova et al., 2001). Taken together
the data stress the close coupling between the membrane
localization of polycystin-1 and E-cadherin in the mainte-
nance of proper renal epithelial cell function and polarity.

The upregulation and expression of mesenchymal N-cad-
herin in ADPKD cells both in vivo and in situ supports the
growing consensus that ADPKD is associated with a dedif-
ferentiated phenotype (Calvet, 1998). Increased N-cadherin
expression is transcriptionally regulated and may be a com-
pensatory event resulting either directly from the decreased
E-cadherin plasma membrane expression, or later, as a con-
sequence of the partial cell depolarization/dedifferentiation.
N-cadherin overexpression shifts the balance away from
E-cadherin expression, which is critical for the proper tubu-
lar morphology and function. It also reflects a reversal of the
normal process of mesenchyme-to-epithelium transition
during kidney organogenesis (Horster et al., 1999), during
which time the mesenchymal N-cadherin is replaced by
E-cadherin. An imbalance in cadherins is associated with
increased epithelial cell motility, because of a preference for
forming homophilic cadherin interactions despite any obvi-
ous differences in the binding affinities of heterotypic com-
plexes (Niessen and Gumbiner, 2002). Thus, the abnormal
cells expressing both N- and E-cadherin may be sorted out
from the normal E-cadherin—expressing cells on account of
an increased proliferative and migratory potential, thereby
resulting in the formation of an abnormal tubule and con-
tributing to cyst formation.

SUMMARY

The present study establishes a correlation between the ex-
pression of wild-type polycystin-1 and the formation of
stable E-cadherin—based adherens junction complexes in
kidney epithelial cells. The interaction between normal poly-
cystin-1 and adherens junction components is likely regula-
tory in nature, with mutant forms of polycystin-1 disrupting
the normal maintenance of epithelial polarity in ADPKD
cells through alterations in polycystin-1-phosphorylation,
localization, and association with polycystin-2. The inade-
quate assembly and stabilization of E-cadherin-containing
adherens junctions and reexpression of N-cadherin conse-
quently results in impairment of cell-cell adhesion in the
kidney epithelia that may contribute directly to cyst forma-
tion.
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