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Abstract
Polycystin-1, the product of the major gene mutated in autosomal dominant polycystic kidney
disease (ADPKD), associates with multiple epithelial cell junctions, including desmosomes. It was
our objective to identify the molecular interactions between polycystin-1 and desmosomal
components in primary human kidney epithelial cells and to determine if desmosomal adhesion is
altered in ADPKD. Using laser scanning confocal microscopy and two models of cell polarization,
polycystin-1 and desmosomes were found to colocalize during the initial establishment of cell-cell
contact when junctions were forming. However, colocalization was lost in confluent monolayers.
Parallel morphological and biochemical evaluations of polycystic kidney tissue and primary
epithelial cells from ADPKD cysts revealed a profound mispolarization of desmosomal
components to both the apical and basolateral domains of the disease cells. Structural and
functional evaluations of the desmosomal assemblies in ADPKD cells provide evidence for
impaired cytokeratin expression and increased sensitivity of the monolayers to shear stress.
Together, these discoveries suggest a transient role for polycystin-1 activity in the assembly of
functional desmosomes at early stages of cell differentiation and polarization, which when
disrupted leads to abnormal desmosomal adhesion in ADPKD.

Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is a common, life-threatening
genetic disease that principally afflicts the kidney, but may also have extrarenal
manifestations. ADPKD has a dominant mode of inheritance and afflicts more individuals
than cystic fibrosis, sickle cell anemia, hemophilia, muscular dystrophy, Down’s syndrome
and Huntington’s disease combined. The disease at a gross anatomical level is characterized
by the progressive appearance of multiple fluid filled-cysts in both kidneys which gradually
compromise normal function and ultimately result in end stage renal failure (1). Extrarenal
pathologies include pancreatic and liver cysts that may cause significant pain and
cardiovascular defects that include intracranial aneurysms and heart defects.

At the molecular level the disease has proven to be extraordinarily complex (1, 2).
Alterations in growth control and differentiation (3), extracellular matrix deposition (4),
gene expression, cell polarity and intracellular signaling have all been closely associated
with disease pathophysiology (5). Based on current understanding, cysts develop following
inheritance of a germline mutation in one of two genes, PKD1 (80% of all cases) (6–9) or
PKD2 (10) and subsequent somatic mutation in the normal PKD1 or PKD2 alleles of a
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tubular epithelial cell (2, 11). There is no consensus as to whether loss of heterozygosity or
dominant negative mutant proteins is the underlying cause of disease pathogenesis.
Molecular dissection of the disease is further complicated by the large numbers of disease
causing mutations and the dramatic influence of modifying loci on disease severity (12).

A significant breakthrough in the field was realized with the identification and
characterization of polycystin-1 and polycystin-2 as the products of the PKD1 and PKD2
genes, respectively. Multiple functions and localizations have been ascribed to the
polycystins and they appear to participate in a variety of protein-protein complexes (5, 13,
14). Polycystin-1 is a large transmembrane protein with extracellular domains typical of
proteins that mediate cell-cell and cell-extracellular matrix interactions (9, 15) and
intracellular domains implicated in the transduction of signals (16). Polycystin-1 interacts
via its C-terminus with polycystin-2, a protein that forms a calcium permeable channel and
is thought to participate in calcium homeostasis(17–20). Recently it has been reported that
polycystin-1 may itself exhibit channel activity even in the absence of polycystin-2 (21).
The composite localization and functional studies to date show the polycystins to play an
important role in mechanosensory signal transduction, as well as cell adhesion (22–29).

Altered cell-cell adhesion is proving to be a key factor in ADPKD and most likely
contributes to both cystogenesis and altered cell growth control. The importance of the
polycystins in cell-cell adhesion is in part evidenced by observations that polycystins are
associated with key adhesive junctions including adherens junctions and desmosomes (24,
26). A second line of evidence derives from the finding that in primary ADPKD cells there
is a dramatic depletion of normal adherens junctions and E-cadherin along with polycystin-1
from the cell surface (25, 30). E-cadherin is replaced by N-cadherin both in cysts in situ as
well as in primary cells in culture and β-catenin may be increasingly activated (25, 31).
Because different cell surface cadherins display a propensity to self-aggregate and promote
segregation of cells during growth and development (32, 33), the expression of N-cadherin
may contribute to cystogenesis by inciting the cells expressing mutant polycystin to self-
associate, segregate from the normal tubule lumen and invade the parenchyma to form a
cyst.

The fact that the disruption of adherens junctions may negatively impact the assembly of
desmosomes taken together with the finding that polycystin-1 colocalizes with desmosomes
in MDCK cells provide impetus for the present study of the status of desmosomes in
primary ADPKD cells. Desmosomes constitute a second key adhesive junction at the
basolateral plasma membrane and are critical for stabilizing the epithelial sheet through
connections to intermediate filaments. Crosstalk between adherens junction and desmosome
formation is thought to be mediated by plakoglobin, a common component of both
junctions, as well as through intracellular signaling networks (34). Initial desmosome
assembly is calcium dependent, while fully assembled desmosomes lose their calcium
dependence and are highly insoluble. Desmosomes may also have growth regulatory roles
mediated by associated cytoplasmic plaque proteins (35, 36). The desmosomal cadherins
desmoglein (Dsg) and desmocollin (Dsc) constitute the core transmembrane proteins that
interact with desmosomal cadherins on adjacent cells via their luminal domains and
associate with desmosomal plaque constituents via their cytosolic domains. The desmosomal
plaque is constituted of plakoglobin (Pg), plakophilins, and desmoplakin (DP), which bind
to the intermediate filament cytoskeleton. In this study, we investigated the status of
desmosomal junction assembly and the associated intermediate filament network in primary
ADPKD cells in relation to the expression and localization of polycystin-1 in human
primary kidney cells.
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Methods
Antibodies and Reagents

All reagents were from Sigma (Saint Louis, MO) unless otherwise indicated. The following
commercial antibodies against desmosomal components were used in immunofluorescence:
mouse mAb directed against desmoglein-2 (1:25, clone 6D8, Zymed), mouse mAb directed
against plakoglobin (1:100, clone PG-11E4, Zymed), mouse mAb directed against
desmoplakin (1:2, DP 1 and 2 clone 2.15, 2.17, 2.20, Progen). Dr. Kathleen J. Green (Dept.
Pathology, Northwestern University, Chicago, IL) kindly provided a rabbit pAb directed
against desmoplakin (NW161) and a mouse mAb directed against desmocollin-2 (clone
7G6). Antibodies against cytoskeletal proteins were as follows: mouse mAb directed against
vimentin (1:100, clone Vim 3B4, DAKO), mouse mAb directed against cytokeratin 18
(1:100, clone DC10, DAKO). A pAb directed against polycystin-1 (1:100, NM005), was
obtained from rabbits injected with the C-terminal region of the protein (exon 46; 4070-4302
aa) and affinity purified in our laboratory. Secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories Inc (West Grove, Pennsylvania, USA): FITC-conjugated
donkey anti-mouse and rhodamine-conjugated donkey anti-rabbit (used for tissue sections)
or Cy5-conjugated donkey anti-rabbit (used for cultured cells). Nuclei were stained with
Hoechst 33258 (Eastman Kodak Company, Rochester, NY) or propidium iodide. Cell
culture medium was from Gibco Invitrogen Corporation (Grand Island, NY) and serum was
from Hyclone (South Logan, UT)

Cell culture
Primary normal epithelial kidney cells were isolated from kidneys of organ donors that were
medically unsuitable for transplant and therefore procured for research through the NDRI
tissue resource center. Cyst lining epithelial cells were initially derived by Dr. Frank Carone
and Ms. Sakie Nakamura and subsequently by dissection in our laboratory of kidneys from
patients with autosomal dominant polycystic kidney disease that were removed for clinically
indicated reasons. Briefly, upon arrival, normal kidneys were placed on ice; the cortex was
excised and minced into fine pieces that were incubated in Enzyme Solution (collagenase,
hyaluronidase, DNase l, soybean trypsin inhibitor and DMEM/F12 media) at 37°C with
regular vortexing for one hour. The extract was pelleted by centrifugation and the cell pellet
resuspended and grown in DMEM/F12 media supplemented with 10% FCS and antibiotics.
Polycystic kidney cells were processed as follows: cysts from the kidney surface were
individually dissected and put into a solution of 1% trypsin-EDTA at 37°C for one hour.
After vortexing, the cells were left to settle and the cyst wall was subjected to a second
round of enzyme-vortexing to achieve maximal recovery of the cyst lining epithelial cells.
Cells were frozen and stored in liquid nitrogen or expanded. Cells were expanded to passage
4, after which they became retarded in their growth, acquired cytoplasmic vacuoles and were
discarded. Cells were phenotypically characterized prior to use by immunofluorescence
staining. Their epithelial cell origin was established by staining for tight junctions and
adherens junctions. In the case of ADPKD cells, the loss of E-cadherin and expression of N-
cadherin was used as a characteristic hallmark (25). At least three normal and three ADPKD
samples were used for each experiment. For experiments, 3 × 105 to 1 × 106 cells were
seeded on polyethylene terephthalate (PET) (0.4 μm pore size) transparent 6-well or 12-well
cell culture inserts (Falcon-BD, New Jersey, USA) and grown for 3–7 days at full
confluence to let them achieve maximal polarization.

Immunocytochemistry
Briefly, immunofluorescence of cells grown on filters was conducted as follows. Cells were
rinsed with PBS+ (PBS containing 1 mM each MgCl2 and CaCl2), pre-extracted with 0.01–
2% saponin (depending on normal/pathologic, passage number, sparse/confluent cells) in
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PIPES solution (80 mM PIPES, 5mM EGTA and 1mM MgCl2) for 3–5 min. Saponin pre-
extraction is a well described method for selectively permeabilizing the plasma membrane
and allowing small soluble cytosolic proteins to be extracted, thereby improving membrane
protein staining. Following preextraction cells were fixed with 3% paraformaldehyde in PBS
+ for 20 min, quenched with NH4Cl for 10 min and permeabilized with 0.1% Triton-X 100
for 5 min after which samples were blocked with 0.4% fish skin for 10 min and washed.
Filters were excised from filter support and cut in 2–4 pieces prior incubation with primary
antibody. After incubation with secondary antibody plus propidium iodide, cells were post-
fixed with 3% paraformaldehyde, quenched and mounted with ProLong or SlowFade
(Molecular Probes, Eugene, OR). Nuclei were stained with Hoechst (1:1000) or propidium
iodide (1 μg/ml) plus RNAse A (20 μg/ml). Filters were placed on a microscope slide with
mounting media cell side up in the center of 4 nail polish posts and covered carefully with a
coverslip. For cytoskeleton labeling cells were fixed in methanol at −20°C for 5 min and
processed for immunofluorescence staining. All samples were imaged with a Zeiss LSM
510.

Immunohistochemistry
Frozen normal or ADPKD tissue were cryosectioned (4 μm thickness) using a Reichert
Ultracut S ultramicrotome with Leica EMFCS cryochamber. Sections were collected on
Fisherbrand Superfrost/Plus microscope slides (Fisher Scientific), fixed with 3%
paraformaldehyde, blocked/permeabilized with 10% newborn calf serum/0.1% Triton-100 X
for 40 min. Tissue samples were stained with primary antibodies for 2 h and secondary
antibodies for 30 min, all at 37°C in a humidified chamber. Nuclei were stained with
propidium iodide (1μg/ml). Tissue was washed three times for 10 min each with PBS/0.1%
TX-100 and mounted in SlowFade mounting media. A Zeiss LSM 510 was used to obtain
high resolution images of stained tissue sections. For labeling of cytoskeletal components,
tissue sections were fixed in methanol at −20°C for 5 min, after which, they were blocked in
10% newborn calf serum and incubated with the appropriate antibodies.

Calcium switch assay
Cells were seeded on filters at full confluence (5 × 105 cells on 12-well filters) in low
calcium (<5 μM Ca2+) DMEM (Gibco Invitrogen Corporation, Grand Island, NY) and
incubated overnight at 37°C. The following day, cells were switched to high calcium (>1.0
mM) DMEM/F12 media supplemented with 10% FCS and antibiotics, for different lengths
of time ranging from 0 min to 24 h, after which cells were pre-extracted and fixed for
immunofluorescence as described above.

Cell surface biotinylation and streptavidin affinity precipitation
Confluent filter-grown cells were washed with ice-cold PBS+ and incubated with ice-cold
sulfo-NHS-SS-biotin (Pierce Biotechnology Inc, Rockford, IL) at 0.6 mg/ml prepared in
PBS+ pH 8.0. Either the apical (1 ml volume) or basolateral (1.5 ml volume) surface was
biotinylated twice in succession for 15 min each, using fresh biotinylation reagent each time.
The biotinylation reaction was terminated by replacing the second biotin solution with the
same volume of ice-cold 50 mM NH4Cl in PBS+ for 30 min on ice. Following biotinylation,
cells were lysed in 100 μl of 1% SDS (w/v), 15 mM Tris-Cl pH 8, 4mM EDTA, 1 μM
CLAP (chrimostatin, leupeptin, antipain and pepstain A) and 1 μM AEBSF, boiled for 5
min and diluted in 900 μl of Triton Buffer 1 (0.5% v/v TX-100, 15 mM Tris-Cl pH 8.0, 150
mM NaCl, 4 mM EDTA, CLAP and AEBSF) containing 40 μl of streptavidin-agarose
(Pierce Biotechnology Inc, Rockford, IL). The sample was rocked at 4°C for 1 h, and the
beads washed and boiled for 5 min in 40 μl of 2X SDS sample buffer containing 50 mM
dithiothreitol (DTT). The cell lysates were resolved by SDS-PAGE, the gels blotted onto
nitrocellulose membranes (Amersham Biosciences UK limited, UK) and the blots probed

Silberberg et al. Page 4

Am J Physiol Renal Physiol. Author manuscript; available in PMC 2012 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with mouse monoclonal antibody directed against Dsg-2 followed by the anti-mouse HRP-
conjugated secondary antibody (Amersham Biosciences UK limited, UK). Dsg-2 was
detected using ECL (SuperSignal, Pierce).

Coimmunoprecipitation and immunoblot assays
Cells grown to confluence on 6-well Transwell filters were washed 3 times in cold PBS,
covered with 250 μl of RIPA buffer without SDS (10 mM Na2HPO4 pH 7.2, 150 mM NaCl,
2mM EDTA, 1% TX-100, 1% sodium deoxycholate and 20 μM AEBSF), left shaking at
4°C for 30 min, after which cells were scraped, lysed in a Dounce homogenizer (pestle “B”),
and centrifuged at 40,000 g for 50 min. The supernatant was recovered and a sample was
reserved as a total lysate sample for immunoblot analysis. The rest of the sample (4 filter
equivalents) was precleared by incubation in 10 μl of packed protein G-agarose (Fast Flow,
Upstate, Lake Placid, NY) overnight at 4°C and short, high-speed centrifugation. The
resulting supernatant was divided into two aliquots, each incubated for 3 h with an antibody
against a desmosomal protein (anti-Dsc, anti-Dsg) to precipitate the protein of interest or an
irrelevant Ig of the same isotype (anti-TNP, Pharmingen, San Diego, CA) as a negative
control. Subsequently, the samples were incubated with protein G-agarose beads for 2 h,
immunoprecipitates recovered by a short, high-speed centrifugation and washed sequentially
3 times in Triton buffer 2 (1% v/v TX-100, 10 mM Tris-Cl pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA), 1 time in high salt buffer (TX-100 buffer with 500 mM NaCl) and 1
time in distilled water. The beads were mixed 1:1 with SDS sample buffer (Bio-Rad
Laboratories, Hercules, CA), boiled for 10 min, clarified by centrifugation and the
supernatants were loaded on a 7.5% Criterion Bio-Rad gel. After electrophoresis, the
proteins were transferred to PVDF membranes, blocked in 5% non-fat milk prepared in PBS
and incubated with the desired antibody (anti-Dsc, anti-Dsg and anti-Pg, all 1:500, and anti-
PC1, 1:250). Secondary antibodies were mouse or anti-rabbit HRP-peroxidase conjugated
that were revealed with ECL.

Dispase assay
The dispase assay described by Calautti et al.(37) was modified for our purposes and
performed as follows. Cells grown on collagen lV coated 35 mm dishes were incubated with
dispase enzyme (2.4 U/ml; Roche Applied Science) at 34°C for 15–30 min after which they
were carefully scraped to separate the monolayer from the dish. The sheets of cells were
gently transferred with a wide-tipped transfer pipette into a snap cup tube where they were
subjected to shaking on a shaker (model M65125, Integrated Separation Systems Enprotech,
MA), at 106 rpm for 3 min. Subsequently, cells were left to settle for 1 minute and 50 μl of
the supernatant was taken in duplicate for cell counting in a cell counter (Z2 Coulter
Counter, Beckman Inc). The remaining cells were pelleted and incubated with trypsin at
37°C for 10 minutes after which they were counted in the cell counter along with the
samples taken just after shaking.

Results
Desmosomal proteins are mislocalized to the apical domain in ADPKD

It has been postulated that adherens junctions are necessary for desmosomal formation and
that when E-cadherin is not expressed, desmosome assembly is delayed or blocked (34, 38).
In autosomal dominant polycystic kidney disease, E-cadherin is depleted from the lateral
membrane of disease cells and found intracelullarly in vesicles, (30). These observations
raised questions regarding the status of desmosomal junctions in the disease, which was
addressed by examining primary human cells in culture and cystic epithelium in situ.

Silberberg et al. Page 5

Am J Physiol Renal Physiol. Author manuscript; available in PMC 2012 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Endogenous desmosomal structures were evaluated by immunolabeling normal and cystic
primary human kidney epithelial cells grown on filters (Figure 1a). We discovered that
while desmosomal proteins are still present at the lateral plasma membrane (Figure 1a), they
are also found at the apical plasma membrane of ADPKD cells (figure 1a, xz view).
Labeling for both cytoplasmic desmosomal components, such as desmoplakin and
plakoglobin (figure 1a) or for the integral membrane desmosomal cadherins such as
desmoglein (data not shown) revealed apical staining in all cases. Desmoplakin and
desmoglein were arrayed in a punctate pattern, while plakoglobin exhibited a more
homogeneous distribution. The reported distribution was consistently observed in ADPKD
cells from three different patients. To further substantiate the extent of desmosomal cadherin
mislocalization, a biochemical approach was used. Apical and lateral cell domains were
subjected to domain-selective biotinylation and the biotin-labeled proteins were precipitated
with streptavidin-agarose beads. The biotinylated proteins were resolved by SDS-PAGE and
desmosomal proteins identified by immunoblotting. In fully polarized normal kidney cells
desmoglein was exclusively basolateral, while in ADPKD cells desmoglein was equally
distributed between the apical and basolateral domains of ADPKD cells (Figure 1b).
Moreover, the aberrant polarization of desmosomal components was also confirmed by
immunohistochemistry of normal and ADPKD tissue cryosections (Figure 1c), leading us to
conclude that desmosomal proteins are mislocalized in situ in ADPKD and that this
phenotype is recapitulated by primary ADPKD cells in culture, making it amenable to study
the underlying causes.

Abnormal intermediate filament protein profile in ADPKD
Desmosomal junctions are normally anchored to a keratin intermediate filament network in
epithelia that gives strength to intercellular adhesion and protects the monolayer to shear
stress. Vimentin is an intermediate filament protein that is characteristic of fibroblasts,
endothelial cells and mesenchymal cells. In vivo, there are only few examples of co-
expression of desmosomal proteins and intermediate filaments of the vimentin type (39). In
order to analyze the whole system of desmosomal anchoring junctions and its attached
cytoskeleton, ADPKD tissue sections were immunolabeled for vimentin and cytokeratin,
and compared with normal kidney tissue sections. Although cystic cells harbor desmosomal
components at the plasma membrane, they abnormally express vimentin in their cytoplasm
(Figure 2). ADPKD tissue sections stained with hematoxilin-eosin, showed more interstitial
fibrosis in the patients wherein the vimentin labeling was more intense (not shown). Normal
kidney tissue sections labeled for comparison show the tubular epithelial cells are
completely devoid of vimentin as expected. Although cytokeratin staining could still be seen
in the cyst lining epithelia, the signal was rather homogeneous and contrasted with the well-
developed, filamentous pattern seen in tubular epithelial cells from normal kidney
cryosections. The same profile was observed in three different patients. We conclude that
cystic cells have desmosomal junctions, characteristic of epithelia, yet show signs of
mesenchymal transformation.

The cytoskeleton abnormalities in ADPKD were further analyzed in cultured primary cells
both morphologically and biochemically. Immunofluorescence staining with specific
antibodies against vimentin and cytokeratin-18 showed normal human epithelial kidney cells
co-expressed vimentin and cytokeratin, when the cells were processed 3 days after reaching
full confluence (not shown). The transition to a cytokeratin intermediate filament network is
consistent with what has been described for mature epithelial cells (40).
Immunofluorescence staining after 7 days at full confluence, revealed a predominant
cytokeratin staining and much reduced vimentin expression in normal cells (Figure 3a, NK).
In contrast, vimentin remained highly expressed in ADPKD cells even after long-term
culture and exhibited a conspicuous filamentous pattern throughout the cytoplasm of
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ADPKD cells (Figure 3a, PKD). PKD cells also exhibited some cytokeratin staining (Figure
3a), although the levels appeared to be significantly lower than in NK cells. In contrast,
fibroblasts (Figure 3a, Fibr), used as a control, completely lacked cytokeratin, while
harboring normal vimentin labeling. To quantify vimentin and cytokeratin levels, NK and
ADPKD from two different patients each, were grown on filters and analyzed by SDS-
PAGE, controlling for equal protein loading, and immunoblotting 7 days after reaching full
confluence (Figure 3b, blots). Quantification revealed that PKD cells express 5 times more
vimentin and 4 times less cytokeratin than normal cells (Figure 3b, graphs). These results
are in agreement with the cytoskeleton alterations found in vivo, and demonstrate that the
normal desmosome-intermediate filament system is disrupted in ADPKD.

Abnormal cell-cell adhesion in polycystic kidney cells
The alterations in adherens junctions shown previously (25, 30) and the structural
abnormalities of desmosomal anchoring junctions and cytoskeleton network found in
ADPKD in these studies, prompted us to examine impact on cell-cell adhesion at a
functional level. Cell-cell adhesion was monitored by releasing monolayers with dispase
enzyme, a neutral protease that cleaves fibronectin and type lV collagen, but degrades type I
collagen only minimally (41). After dispase treatment, the monolayer was subjected to shear
stress using a published protocol modified to suit our kidney primary cells (see methods and
(32)). Following shear stress the numbers of single cells in suspension were determined
using a Coulter counter. Two different ADPKD and two normal samples were analyzed in
triplicate. The cell fraction between 10–20 μm in size was analyzed (single cells or
doublets). As shown, the intercellular adhesions between cells from ADPKD patients were
significantly more fragile and were largely disaggregated after shaking (Figure 4). The
differences in the status of cell-cell adhesion were clearly evident by microscopic inspection
after release of the monolayers with dispase and became even more pronounced after
shaking (Figure 4a). The numbers of single or doublet cells after shaking are expressed as a
percentage of the total number cells obtained after trypsinization. ADPKD cells were 83.4 ±
2.20% single or doublet cells after shaking while only 40.3 ± 3.95 % of NK cells were
present as single or doublet cells after the same procedure (Figure 4b). Interestingly,
although the ADPKD cells exhibited decreased intercellular adhesion, they remained more
firmly attached to the substratum than normal kidney cells during dispase treatment. This
was observed irrespective of whether the cells were grown on tissue culture plastic,
suspension culture dishes, or collagen IV coated dishes, which is in agreement with the
findings of other investigators (22). With this experiment we demonstrate that PKD cells
harbor a profound defect in cell-cells adhesion, and that structural alterations in desmosomal
junctions have a negative impact on ADPKD epithelia integrity.

Polycystin-1 colocalizes with desmosomes transiently during the establishment of cell-cell
contacts

The observed mispolarization of desmosomal components in ADPKD described above and
the report by other investigators (26) that polycystin-1 colocalizes with desmoplakin in
MDCK cultured on plastic surfaces, prompted us to analyze the relation between
polycystin-1 and desmosomal components in our primary human cells, grown on filters.
Normal kidney cells from at least three different unrelated people were grown on filters to 3
days of full confluence, after which they were processed for immunofluorescence and co-
labeled with antibodies directed against individual desmosomal components and
polycystin-1. No colocalization between polycystin-1 and desmosomal proteins could be
seen, with the proteins observed in a punctate, alternating pattern, irrespective of whether
the desmosomal cadherins or cytosolic desmosomal components were labeled.
Representative examples of desmoplakin and desmoglein staining are shown in Figure 5a. In
most stretches of the plasma membrane polycystin-1 and desmosomal staining appeared
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mutually exclusive. Occasional membrane regions, where polycystin-1 and desmosomal
protein staining was more homogeneous were also observed (Figure 5, “desmoplakin NK2”,
arrowheads). In these areas some overlapping staining was observed and it is thought that
this may be due to a different state of cell-cell contact and junctional development, possibly
in a cell that has recently undergone cell division.

A biochemical approach was followed to study the potential interaction between
polycystin-1 and desmosomal components. Cells grown on filters were lysed and
desmosomes solubilized in RIPA buffer, a buffer used previously to study desmosomal
protein associations (42). Immunoprecipitates of desmoglein and desmocollin were analyzed
for the presence of polycystin-1 by immunoblotting (Figure 5b), but no polycystin-1 could
be detected. The immunoprecipitates were positive when immunoblotted for another
desmosomal protein, plakoglobin, serving as evidence that the lysis conditions used were
able to preserve protein-protein interactions between known desmosomal components.
Together our data show that polycystin-1 is not significantly associated with desmosomes in
fully polarized cells that have well developed cell-cell contacts.

How then could our findings be reconciled with previous ultrastructural studies showing
polycystin-1 associated with desmosomes? We noted that the previous studies documenting
colocalization between polycystin-1 and desmosomes were performed in MDCK cells
grown at subconfluence or before 3 days of full confluence (26, 43). Therefore, we focused
on analyzing the dynamics of the possible colocalization between polycystin-1 and
desmosomal junctions in our primary normal human kidney epithelial cells. Cells grown on
filters to 50% confluence were processed for immunofluorescence and co-labeled for
different desmosomal components and polycystin-1. At subconfluence, polycystin-1 indeed
colocalizes with desmosomal proteins (Figure 6a). A homogenous, overlapping staining
pattern for polycystin-1 and desmosomal proteins was seen at the plasma membrane, at sites
of early cell-cell contact. Desmoplakin, but not polycystin-1 staining could be seen lining
intermediate filaments that terminate at sites of desmosomal assembly. As an independent
measure of the dynamics of polycystin-1/desmosomal colocalization, these proteins were
analyzed by immunofluorescence following transfer of cells grown in low calcium to
calcium-sufficient medium. The ‘calcium switch’ assay involves seeding cells at full
confluence in low calcium medium to prevent cell junction assembly. The calcium-switch
assay has been widely used to study cell-cell adhesion since junction assembly in this case
occurs synchronously over a short period of time following transfer to normal calcium
sufficient medium. Normal primary kidney cells were processed at different time points
between 0 minutes and 24 h after raising the media calcium levels and co-labeled with anti-
polycystin-1 antibody and antibodies against different desmosomal structures (Figure 6b).
At 0 minutes after the calcium switch, the cells were rounded and desmosomal staining
predominantly intracellular, while at this stage polycystin-1 was already prominent at the
plasma membrane (data not shown). Polcystin-1 could be seen colocalizing with
plakoglobin and desmoglein as early as 2 h after the switch to the high calcium media. At 4
h, colocalization between these structures still could be seen. No colocalization was seen
after 24 h of the calcium switch, and mutually exclusive, alternating staining was evident
analogous to the situation observed in fully confluent filter cultures. The conditions required
to solubilize desmosomal cadherins even just 2 hours after calcium switch proved too harsh
to preserve the interaction with polycystin-1 in coimmunoprecipitation studies (data not
shown), though it is possible to coimmunoprecipitate polycystin-1 and the plaque protein
plakoglobin (data not shown and (24)). The data suggest there is a transient, close
association between polycystin-1 and desmosomes during the early steps of junctional
assembly, which is lost once desmosomal maturity is achieved.
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Discussion
In this study we identify a key cell-cell adhesion defect in ADPKD that makes cystic
epithelia increasingly vulnerable to dissociation in response to shear stress. Our data show
desmosomal proteins are mispolarized to the apical domain in ADPKD cells in culture and
in situ, in tissue sections. The desmosomal protein rearrangements are paralleled by an
abnormal intermediate filament network in the disease cells, with decreased cytokeratin
expression and abnormal expression of vimentin. Such cytoskeletal alterations are frequently
hallmarks of cells undergoing an epithelial to mesenchymal transition. The combination of
mispolarized desmosomal proteins and cytoskeletal alterations were found to have
functional consequences for the cystic epithelial cells and made them more sensitive to
dissociation in a shear stress assay. Several lines of evidence, suggest the observed changes
may be coupled to the expression of mutant polycystin-1.

E-cadherin, which is intracellularly located in disease cells (30), has been demonstrated to
be necessary for desmosomal assembly (34). In ADPKD cells, N-cadherin has been found to
substitute for the loss of E-cadherin (25). N-cadherin, a mesenchymal cadherin, has proven
as effective as E-cadherin in its capacity to stimulate desmosome assembly (44) and may
account for the continued presence of desmosomal puncta at the lateral membrane of
ADPKD cells. For this reason, it is unlikely that alterations in adherens junction assembly
alone can account for the observed alterations in desmosome assembly in ADPKD.

Previous research has revealed mislocalization of select cell surface molecules in the disease
epithelia. Na+, K+-ATPase and epidermal growth factor receptor (EGFR) have been found
apically mislocalized in ADPKD (45, 46). This localization is normal in the developing
kidney but not in the adult kidney where these proteins are principally at the basolateral
membrane. In the case of the Na+, K+-ATPase, its mispolarization has been attributed to the
continued expression of a fetal isoform of the β-subunit, which contains apical targeting
information (47). Plakoglobin, a protein shared by adherens junctions and desmosomes, also
exhibits an apical localization during kidney development (24). Therefore, the apical
mislocalization of desmosomes and expression of an immature intermediate filament
cytoskeleton in ADPKD is consistent with the prevalent idea that ADPKD is a disease
where the epithelia suffer a regression to a fetal phenotype in response to the expression of
mutant polycystins (1).

The abnormalities in desmosome mediated adhesion taken together with previous
observations that polycystin-1 associates with desmosomes, raised the question as to how
polycystin-1 may be involved in desmosome assembly. The possible colocalization of
polycystin-1 with desmosomes was therefore evaluated from a dynamic point of view.
Although other investigators have examined desmosome polycystin-1 interactions, the state
of cell polarization was not taken in account (26) (43). Both during the transition from
subconfluent to fully confluent monolayers and in the synchronous calcium-switch model,
polycystin-1 was found to colocalize with desmosomes early during the establishment of
cell-cell contacts. This overlap was subsequently lost and polycystin-1 was excluded from
mature desmosomes. In previous studies we showed that although expressed, mutant
polycystin-1 is not localized to the plasma membrane (25). Owing to the high degree of
desmosomal protein insolubility, it was not possible to monitor their association with
polycystin-1 by coimmunoprecipitation. Nevertheless our data are in good agreement with
those of Scheffers et al (26), who showed by electron microscopy close proximity between
polycystin-1 and desmoplakin in subconfluent MDCK cells. Moreover, plakoglobin was
found to coimmunoprecipitate with polycystin-1 in a pancreatic cell line (24). Based on the
molecular evaluation of the germline mutations harbored by our primary ADPKD cells,
various mutations ranging from missense to nonsense mutations cause the loss of plasma
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membrane polycystin-1 (Harris, Roitbak, Rosetti, Wandinger-Ness, unpublished data) and
give rise to the desmosomal phenotype shown here. Based on the published literature and
the present findings we conclude that polycystin-1 is probably required at the lateral
membrane, where it transiently associates with desmosomal components to promote their
proper assembly into mature desmosomal junctions.

With regard to the possible role of polycystins in desmosomal junction assembly, it is
interesting to consider that desmosome assembly is initially a calcium dependent process
and that polycystin-1 and 2 constitute a calcium permeable channel. Once desmosomes
reach maturity they lose their calcium dependence and become highly insoluble.
Interestingly, polcystin-1 was present at the plasma membrane even prior to the shift from
low to normal calcium (data not shown). Two hours after the calcium-shift, desmosomal
components began to appear on the plasma membrane, consistent with previous studies
showing that de novo synthesized desmosomal proteins account for the reestablishment of
cell junctions upon transfer to normal calcium (48). Hence, polycystin-1 present at the
membrane is uniquely poised to promote the assembly of mature desmosomes beginning 2
hours and complete 24 hours after the calcium-switch. It is possible that a complex of
polycystin-1 with polycystin-2, disrupted in ADPKD (25), normally promotes desmosome
formation and maturation through regulated, localized calcium influx. Alternatively, it has
been shown recently that polycystin-1 can produce calcium currents independently of
polycystin-2 channel activity (21). The Ig-domains of the extracellular PC1 domain are
reported to bind their counterparts on a neighboring cell (49, 50). Therefore polycystin-1
could also be a surface sensor that signals initial cell-cell contact through calcium currents
and thereby sets in motion the cell surface recruitment of adhesion molecules.
Distinguishing between these postulates will require further testing.

A paradox arises from the facts that ADPKD is an adult onset disease, impacting tubular
epithelia after the nephrons are already developed and kidney epithelial cells normally do
not divide in the adult kidney. Furthermore, in fully confluent polarized epithelial cells,
polycystin-1, although still present at the lateral membrane, no longer colocalizes with
desmosomes and makes its presence at the apical primary cilium (Figure 7a). In the cilia
polycystin-1 and polycystin-2 serve in mechanosensory transduction and may play a role in
the maintenance of cell polarity (28, 51). How then might improper desmosomal assembly
contribute to disease pathogenesis in ADPKD? We envisage improper desmosome assembly
may contribute at several levels. First, improper desmosome assembly may participate in
cystogenesis. As kidney epithelial cells abnormally start proliferating in response to a
second site mutation in the PKD1 or PKD2 genes it would dictate the need for new cell-cell
junctions. At this moment the requirement for polycystin-1 function to establish normal
desmosomal assembly/localization would first become evident. Even though ADPKD cells
also have aberrant adherens junctions, in vitro studies suggest that the homotypic and
heterotypic binding affinities between N- and E-cadherin are equivalent (33). Hence the
alterations in desmosomes may weaken cell-cell contacts with their normal neighbors, so as
to gradually allow the increasingly migratory N-cadherin positive cells to be extruded into
the parenchyma as the normal cells attempt to reestablish a fully polarized, contiguous
tubular epithelium by closing off the cyst (see cartoon, Figure 7b). Second, the increased
sensitivity of cystic epithelia to shear stress may also limit tolerance to cyst fluid
accumulation and cause breaks in the monolayer that predispose to infection and cyst
rupture. Third, improper desmosome assembly may lead to abnormal growth control.
Desmosomes, like adherens junctions, serve to anchor cytosolic plaque proteins with dual
functions in cytoskeletal attachment and in cellular growth control (52, 53)). It is possible
that the derangement of desmosomes interferes with the complete sequestration of
desmosomal plaque proteins, leading to an enhanced cytosolic and nuclear pool of
plakoglobin. Plakoglobin has the capacity to bind to the TCF/LEF transcription factor and
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inhibit β-catenin-mediated transcription. Plakoglobin can also compete with β-catenin for
the proteasome-mediated degradative APC complex in the cytoplasm. Thus, plakoglobin
mislocalization precipitated by incomplete or improper desmosome assembly could impact
cell proliferation in ADPKD.

In summary, polycystin-1 plays a key role in the establishment of mature desmosomal
junctions and its mutation leads to defects in cell-cell adhesion that may have significant
consequences in disease progression.
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Figure 1. Desmosomes are mispolarized in ADPKD cells in vitro and in situ
a. Confocal images of normal and ADPKD cells in culture labeled for desmosomal
components (green). Upper panels: xy view to show desmosomal appearance at lateral
membrane. Lower panels: xz view to show desmosomal distribution between apical and
lateral cell domains. Desmoplakin labeling (two left panels) is seen only at the lateral
domain of normal kidney cells (NK) but apical and lateral in ADPKD cells (PKD).
Plakoglobin (two right panels) in normal (NK) and ADPKD cells (PKD) reveals same
phenomenon. Nuclear staining, used as structural reference is seen in blue. Bars: 20 μm
(except first panel: 5μm)
b. Western blot of streptavidin-precipitated, biotinylated proteins, blotted with anti-
desmoglein antibody. Only basolateral protein (bl) was recovered in normal kidney cells
(N), while basolateral (bl) and apical (ap) desmoglein is seen in ADPKD cells (P).
C. Confocal image of cryosections of normal (two left panels) and polycystic (right panel)
tissue. Labeling against desmoplakin shows apical staining of the cyst lining epithelia in
polycystic kidney tissue (arrowheads) while only lateral signal can be observed in normal
tubules (arrows). Bars: 30 μm
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Figure 2. Vimentin is anomalously expressed in cystic epithelia in situ
a. Cryosection of normal kidney showing cytokeratin (CK) staining in tubule cells (NK)
Lower panel is a higher magnification of upper one. ADPKD kidney sectioned at a cyst
level (PKD) shows that cells lining the wall cyst conserve cytokeratin expression (magnified
in lower panel). Samples were imaged on Zeiss LSM510. Bars, 20 μm.
b. Cryosection of normal tubules (NK) labeled against vimentin protein (VIM), show
complete a absence of vimentin from their cytoplasm (magnified in lower panel). Kidney
interstitial fibroblasts have a normal vimentin signal. Sections from a cyst of an ADPKD
kidney (PKD) show the abnormal presence of vimentin in cyst-lining epithelial cells
(detailed in lower panel). Samples were imaged on Zeiss LSM510. Bars, 20 μm.
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Figure 3. ADPKD cells express an immature intermediate filament network even when fully
confluent
a. Confocal images of primary normal kidney cells (NK) and polycystic kidney cells (PKD)
in culture labeled against cytokeratin intermediate filament (CK). Normal kidney cells show
normal cytokeratin labeling, while disease cells show very low signal. Confocal images of
normal and polycystic kidney cells in culture, labeled against vimentin intermediate filament
(VIM). Normal cells have very little vimentin signal (magnified in bottom panel), but
polycystic cells, on the contrary, show a conspicuous vimentin filament network (amplified
in lower panel). Normal human fibroblasts (Fibr) express exclusively vimentin. Bars, 20
μm.
b. Immunoblots of lysates from two different samples each of normal (NK) and ADPKD
(PKD) kidney cells probed for cytokeratin (CK) or vimentin (VIM). Below, quantification
of cytokeratin and vimentin protein expression levels in normal and disease cells grown. The
y-axis represents the intensity of the CK or the VIM band (OD CK) normalized according to
the total protein loaded per lane as detected by Coomassie blue staining (OD com). CK
graph: p=0.01. Vim graph: p=0.057.

Silberberg et al. Page 17

Am J Physiol Renal Physiol. Author manuscript; available in PMC 2012 September 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Desmosomal mediated cell-cell adhesion is compromised in ADPKD cells
NK and PKD cell monolayers were incubated with dispase, released from the substrate and
briefly shaken for a fixed time.
a. Cells were imaged with a Zeiss, inverted light microscope. Top panels show NK and PKD
cells forming confluent monolayers (10X objective). Middle panels show normal kidney
cells in large, interconnected sheets (NK cells), while ADPKD cells are in small aggregates
(PKD) after incubation with dispase enzyme, but before shaking. Bottom panels show the
same samples after shaking, where the difference is further exacerbated.
b. Quantification of cells released after shaking was performed using a Beckman Coulter
counter. Plotted are the percentages of single or doublet cells after shaking as a function of
the total number of cells assayed by trypsinization. 83.4 ± 2.20 % of PKD cells (black) were
present as single or doublet cells after shaking, while only 40.3 ± 3.95 % of NK cells (white)
were present as single or doublet cells after the same procedure. P= 0.005.
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Figure 5. Polycystin-1 and desmosomal proteins are segregated in fully confluent normal kidney
cells
a. Confocal images of primary normal human kidney cells grown on filters at 100%
confluence for three days co-labeled for polycystin-1 (red) and desmosomal components
(green). No colocalization between polycystin-1 and desmoplakin (left panel) was seen.
Desmoglein staining of normal kidney cells (NK1 and NK2) from two different patients
shows no overlap with polycystin-1 signal (arrows). Occasional colocalization could be seen
in membrane regions where desmosome and polycystin-1 staining gave a homogeneous
pattern (arrowhead, right panel). Insets show a magnification of the regions denoted by
arrows. Each image depicts a single confocal section acquired at the level of the nucleus.
Bars, 5 μm.
b. Normal kidney cells were lysed and subjected to immunoprecipitation for different
desmosomal proteins. Subsequent western blotting was used to probe for the presence of
polycystin-1. Polycystin-1 failed to be recovered in immunoprecipitates of desmocollin or
desmoglein. A blot for plakoglobin was included as a positive control for the stability of
desmosomal protein-protein interactions to the lysis procedure.
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Figure 6. Polycystin-1 and desmosomal proteins transiently colocalize when normal kidney cells
are at 50% confluence
Confocal images of normal primary human kidney cells taken at early stage of cell-cell
contact. Co-labeling of polycystin-1 (red) and desmosomal components (green) was carried
out.
a. Cells processed at 50% confluence show an overlapping pattern (arrows) between
polycystin-1 and desmoglein (left panel) or desmoplakin (right panel). Insets show a
magnification of membrane region marked with arrows. Bars, 10 μm.
b. Cells were subjected to a calcium switch assay and processed at different time points after
the calcium switch. Desmoglein staining (upper two rows) shows clear colocalization with
polycystin-1 at 4 h following the calcium switch. This colocalization is lost after 24 h.
Plakoglobin labeling (lower two rows) shows colocalization with polycystin-1 at 2 and 4 h
after the switch to normal calcium. Bars, 10 μm.
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Figure 7. Models
a. Schematic representation of our hypothesis of changing polycystin-1 distributions with
cell polarization. In subconfluent, polarizing monolayers polycystin-1 is expressed at the
basal and lateral membranes to facilitate the establishment of focal adhesions, as well as
adherens junctions and desmosomes, possibly by mediating localized, regulated influx of
calcium. Upon reaching full confluence and establishment of fully mature adhesive
junctions, polycystin-1 no longer interacts with those junctions at the basolateral membranes
and is relocated to the primary cilium where it is important in mechanosensory signal
transduction and may participate in the maintenance of cell polarity.
b. Schematic representation of how altered cell-cell adhesion may contribute to
cystogenesis. Cells suffering a second site mutation in polycystin-1 or –2 begin to
proliferate, but fail to reestablish a fully polarized epithelium. Weakened cell-cell adhesion
caused by improper desmosome assembly coupled with the increased migratory potential of
N-cadherin expressing cystic epithelia likely are envisaged to contribute to the extrusion of
the cystic cells into the underlying parenchyma. The closure of the cyst may be driven by the
normal tubular epithelia attempting to reconnect with their normal counterparts to
reestablish a contiguous monolayer.
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