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Abstract Mutations in polycystin-1 (PC-1) are respon-
sible for autosomal dominant polycystic kidney disease
(ADPKD), characterized by formation of fluid-filled
tubular cysts. The PC-1 is a multifunctional protein
essential for tubular differentiation and maturation
found in desmosomal junctions of epithelial cells where
its primary function is to mediate cell–cell adhesion. To
address the impact of mutated PC-1 on intercellular
adhesion, we have analyzed the structure/function of
desmosomal junctions in primary cells derived from
ADPKD cysts. Primary epithelial cells from normal
kidney showed co-localization of PC-1 and desmosomal
proteins at cell–cell contacts. A striking difference was
seen in ADPKD cells, where PC-1 and desmosomal
proteins were lost from the intercellular junction mem-
brane, despite unchanged protein expression levels. In-
stead, punctate intracellular expression for PC-1 and
desmosomal proteins was detected. The N-cadherin, but
not E-cadherin was expressed in adherens junctions of
ADPKD cells. These data together with co-sedimenta-
tion analysis demonstrate that, in the absence of func-
tional PC-1, desmosomal junctions cannot be properly
assembled and remain sequestered in cytoplasmic com-
partments. Taken together, our results demonstrate that
PC-1 is crucial for formation of intercellular contacts.
We propose that abnormal expression of PC-1 causes

disregulation of cellular adhesion complexes leading to
increased proliferation, loss of polarity and, ultimately,
cystogenesis.
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Introduction

Autosomal dominant polycystic kidney disease (AD-
PKD) is a common genetic disease with an incidence of
1/1000. The disease is characterized by progressive
growth of focal cysts in the kidney as well as other or-
gans such as liver, pancreas, and spleen (Calvet and
Grantham 2001; Grantham 2003; Cowley 2004; Wilson
2004a). Cysts can arise from multiple segments of the
nephron. Mutations in the PKD1 gene, encoding poly-
cystin-1 (PC-1), account for �85% of ADPKD cases
(Burn et al. 1995; Hughes et al. 1995). The rest of the
ADPKD cases can be attributed to a mutation in the
PKD2 gene, encoding polycystin-2 (PC-2) (Mochizuki
et al. 1996). Cystogenesis is initiated in mutant tubular
epithelial cells and progresses with increased prolifera-
tion and apoptosis, fluid secretion into the cystic lumen,
changes in cellular polarity, and extracellular matrix
remodelling (Bacallao and Carone 1997; Grantham
1996; Wilson 2004a). The role of polycystins in these
cellular processes has been extensively studied over the
last few years.

The PC-1 is a large integral membrane glycoprotein
with multiple extracellular adhesive domains that func-
tions at multiple subcellular locations, including inter-
cellular junctions, cell–matrix junctions, and cilia (Ong
and Wheatley 2003). A number of studies have revealed
the diversity of the functions of PC-1, implicating it in
signaling pathways together with PC-2. It has been
shown that PC-1 is involved in the regulation of the cell
cycle through the JAK-STAT pathway, Wnt signaling,
G-protein coupled signaling and, most importantly, in
mediating cation channel activity (Babich et al. 2004;
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Bhunia et al. 2002; Ikeda and Guggino et al. 2002; Kim
et al. 1999; Parnell et al. 1998).

Experimental evidence from several groups estab-
lished an important role for PC-1 in epithelial cell
morphogenesis, including differentiation and maturation
in vivo (Kim et al. 2000; Lu et al. 1997). Recently, we
have demonstrated that functional PC-1 expression at
desmosomal cell–cell junctions at controlled levels is
critical for proper tubular differentiation and matura-
tion in vitro (Bukanov et al. 2002). We have also shown
that PC-1 functions in cell–cell adhesion through hom-
ophilic interactions of its PKD (Ig-like) domains (Ibra-
ghimov-Beskrovnaya et al. 2000).

Investigations using diverse experimental systems
have also shown localization of PC-1 to desmosomes of
epithelial cells, where it can modulate intercellular
adhesion (Scheffers et al. 2000; Streets et al. 2003; Xu
et al. 2001). Alterations in PC-1 mediated adhesion may
explain the abnormal epithelial cellular phenotype ob-
served in ADPKD cells, including dedifferentiation, loss
of epithelial polarity, and increased proliferation.
Therefore, we have set out to perform the structure–
function analysis of cell–cell adhesion junctions in pri-
mary cells derived from ADPKD kidneys.

In this study, we report abnormal expression of
proteins, comprising desmosomal junctions in ADPKD
primary cystic epithelial cells. Desmosomal cadherins
and associated proteins are no longer localized at
intracellular junctions, but instead are sequestered to the
cytoplasmic pools with mutant PC-1. In addition, ad-
herens junctions appear disrupted, with great reduction
of E-cadherin complexes, which is in agreement with
Roitbak et al. (2004). Collectively, our data demonstrate
that mutations in PC-1 lead to perturbation of inter-
cellular adhesion complexes, which in turn contributes
to a loss of epithelial polarity and differentiation,
resulting in cystogenesis.

Materials and methods

Primary cell cultures and immunofluorescence

Primary tubular epithelial cells were isolated from two
normal and three ADPKD kidneys. Normal primary
kidney epithelial cells were obtained from normal por-
tions of kidney containing localized adenocarcinoma.
The ADPKD samples were selected based on clinical
observations and family history consistent with muta-
tion in the PKD1 gene. All primary ADPKD cells were
derived from a pool of cysts dissected within a kidney
and were not clonal. Briefly, multiple ADPKD cysts
were cleaned of fibrous and adipose tissue and the cyst
domes were excised. The cyst domes were digested in
Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 1 mg/ml collagenase (Sigma–Aldrich, St Louis,
MO, USA) to loosen the epithelial cells from basal
membrane. The cell suspension was washed to remove
cell debris and collagenase (Yamaguchi et al. 2000).

Cells were grown in DMEM containing 1% fetal bovine
serum, 5 lg/ml insulin, 10 lg/ml transferrin, 5 ng/ml
sodium selenite, 6.5 ng/ml triiodothyronin, 10 ng/ml
EGF, 500 ng/ml hydrocortisone, and 10 mM HEPES
(Invitrogen, Carlsbad, CA, USA) on collagen I coated
vessels (Beckton Dickinson, Bedford, MA, USA). All
primary cultures were used between passages two and
five. Immunofluorescence was performed as follows:
normal or ADPKD cells grown on collagen I coated
eight well culture slides (Becton Dickinson, San Diego,
CA, USA) were fixed in 10% acetic acid/50% ethanol
(vol/vol) for 30 min on ice, washed three times for 5 min
with phosphate buffered saline (PBS) and blocked with
PBS/3% bovine serum albumin (PBS–BSA) (Bukanov
et al. 2002; Ibraghimov-Beskrovnaya et al. 2000). Pri-
mary antibodies directed against desmocollin-2/-3 (Zy-
med Laboratories Inc., San Francisco, CA, USA),
desmoplakin-1/-2 (RDI, Flanders, NJ, USA), desmog-
lein-1 (BD Transduction Laboratories, Lexington, KY,
USA), E-cadherin (BD Transduction Laboratories), or
pan-cytokeratin (Sigma–Aldrich, St Louis, MO, USA)
were used as recommended by the manufacturers. Anti-
PC-1 antibody (anti-LRR) was used at 1:100 dilution.
Primary antibodies were incubated for 1 h at 37�C fol-
lowed by incubation with FITC-labeled or Cy3-labeled
secondary antibodies at 1:100 dilution. The staining
specificity was determined using secondary antibody
alone. Staining was visualized on an Olympus IX70
microscope with 20 times objectives. Images were cap-
tured with QED Camera Plus-In imaging system (QED
Imaging Inc., Pittsburgh, PA, USA).

Immunohistochemistry

Immunohistochemical staining was performed using an
indirect immunoperoxidase protocol as described pre-
viously (Joly et al. 2003). Acetone-treated cryostat sec-
tions (5 lm) were fixed in chloroform and blocked in
PBS containing 5% goat serum and 1% BSA, and
incubated for 1 h with primary antibodies: E-cadherin
(clone 4 A2C7, Zymed Laboratories, Inc. South San
Francisco, USA), N-cadherin (clone3B9, Zymed), De-
smoglein-1/-2 (clone DG.3.10, Progen, Montigny le
Bretonneux, France) or Desmoplakin-1 (clone DP-2.17,
Progen) and treated with LSAB2-horseradish peroxy-
dase system according to the manufacturer’s recom-
mendations (Dako, Carpinteria, CA, USA). Peroxidase
staining was examined with an ortho LEICA microscope
coupled with a CDD camera (Olympus).

Subcellular fractionation by continuous sucrose gradient

Subcellular fractionations through a continuous sucrose
gradient were performed as previously described
(Scheffers et al. 2002). Briefly, 3 days post confluence
cells were homogenized in 10 mM Tris–HCl (pH 7.4),
179 mM sucrose, 750 mM KCl, 19.2 mM NaCl, and
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complete protease inhibitor cocktail (Roche Diagnos-
tics, Mannheim, Germany) using a dounce homogenizer
on ice. Homogenates were centrifuged at 1000 g to re-
move cellular debris. The supernatant was layered on 5–
40% continuous sucrose gradients. Gradients were
centrifuged at 40,000 g overnight at 4�C. Fractions of
0.5 ml were collected from the bottom of the gradients
and numbered. Proteins (100 ll) were then separated by
SDS-PAGE and immunoblotted.

SDS-PAGE and immunoblotting

For total protein western blotting analysis, cells were
harvested in lysis buffer (50 mM Tris/HCl pH 7.4,
150 mM NaCl, 5 mM EDTA, and 1% Nonidet P40 in
the presence of protease inhibitor cocktail) using cell
scrapers. Homogenates were centrifuged at 10,000 g for
10 min at 4�C and cellular proteins were normalized
using a BCA protein assay (Pierce, Rockford, IL, USA).
Proteins (200 lg) were resolved by SDS-PAGE (3–12%
gradients) and transferred onto Immobilon P mem-
branes (Millipore, Bedford, MA, USA) as previously
described (Ibraghimov-Beskrovnaya et al. 2000). Anti-
bodies against GS28 (BD Transduction Laboratories,
Lexington, KY) and Na+/K+ ATPase (BD Transduc-
tion Laboratories) were used at a dilution of 1:1000, and
anti-polycystin antibody (LRR) was used at 1:100 fol-
lowed by incubation with HRP-labeled secondary anti-
bodies at 1:10,000. Immunoreactive proteins were
detected using enhanced chemi-luminescence (Amer-
sham Pharmacia Biotech, Little Chalfont Buckingham-
shire, UK).

Results

Loss of polycystin-1 and desmosomal proteins
from intercellular junctions of ADPKD cells

The PC-1 has recently been shown to play an essential
role in intercellular adhesion (Charron et al. 2000;
Ibraghimov-Beskrovnaya et al. 2000; Scheffers et al.
2000). We and others have determined that PC-1 is a
novel component of desmosomal junctions of immor-
talized canine and human epithelial cells (Bukanov et al.
2002; Scheffers et al. 2000). In order to address the role
of PC-1 and desmosomal components in the normal and
cystic states, we have chosen human normal and
ADPKD-derived primary epithelial cells for further
analysis. Both normal and cystic cells were positive for
pan-cytokeratin staining, confirming their epithelial
origin (not shown).

First, utilizing primary normal human renal epithelial
cells, we examined colocalization of PC-1 with several
components of desmosomal junction by performing dual
color immunofluorescence staining experiments. We
have used anti-human PC-1 antibody (anti-LRR), which

has been extensively characterized for its specificity.
Thus, we and others have previously shown that anti-
LRR antibody specifically recognizes the full length in
vitro translated PC-1 as well as endogenous PC-1 in
multiple tissues and cell lines (Foggensteiner et al. 2000;
Ibraghimov-Beskrovnaya et al. 1997; Streets et al. 2003).
As shown in Fig. 1, a concordant punctate pattern of
staining was produced for PC-1 and desmoplakin, de-
smoglein, and desmocollin, resulting in a completely
overlapping merged pattern. This analysis confirms that
PC-1 is a component of desmosomal junction in primary
human epithelial cells. Culture conditions used in these
experiments were optimal for detection of PC-1 at
intercellular contacts and therefore expression of PC-1
in the cilia was not analyzed. Specificity of staining in
each experiment was controlled by using secondary
antibody only.

As PC-1 is mutated in ADPKD, we set out to eval-
uate the status of desmosomal junctions in primary
ADPKD cyst-derived epithelial cells. Figure 2a shows
immunostaining of normal and ADPKD cells with
antibodies directed against PC-1, desmoplakin, and two
desmosomal cadherins, desmoglein and desmocollin.
Immunostaining of normal cells (Fig. 2a, top panel)
makes evident the typical localization patterns of PC-1
and desmosomal proteins at cell–cell contacts as ex-
pected. In ADPKD cells, however, the intercellular
membrane localization of PC-1 as well as each desmo-
somal junction marker is lost (Fig. 2a, bottom panel).
Instead, punctate intracellular expression for PC-1 and
desmosomal proteins is seen (Fig. 2a). Similar results
were obtained using three independent primary cultures
derived from separate ADPKD donors (not shown).
These data suggest that desmosomal junctions are dis-
rupted in ADPKD primary epithelial cells.

The structure of adherens junctions in ADPKD cells

We have tested our primary normal and ADPKD epi-
thelial cells for integrity of adherens junctions (Fig. 2b).
Antibodies against E-cadherin were used to determine
the expression of adherens junctions by immunostain-
ing. The E-cadherin expression in normal primary cells
showed characteristic intercellular membrane pattern of
staining (Fig. 2b, top panel). In contrast, E-cadherin
staining was not detectable in the lateral membranes of
ADPKD cells (Fig. 2b, bottom panel). The observed
loss of E-cadherin expression in ADPKD cells was fur-
ther confirmed by western blot analysis. Interestingly,
N-cadherin showed no expression at the membranes of
normal primary cells; however, it was expressed at the
cell–cell junctional membranes of ADPKD cells
(Fig. 2b, bottom panel). Thus, the loss of PC-1 from
intercellular contacts of ADPKD cells leads to a loss of
E-cadherin expression from adherens junctions. Instead,
N-cadherin is expressed at adherens junction of AD-
PKD cells.
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Differential regulation of expression for desmosomal
and adherens junction proteins in ADPKD cells

The loss of PC-1 along with junctional proteins from
intercellular contacts may be a result of their redistri-
bution from lateral membranes in the normal state to the
cytoplasmic pools in ADPKD. It is also possible that
depletion of membrane-associated proteins may be due
to down-regulation of their expression. To address this
question, we have compared protein expression levels
for several components of desmosomal and adherens
junctions by western blot analysis.

Figure 3 presents a comparison of PC-1 and junc-
tional marker protein expression between normal and
ADPKD primary cells by western blot. The expression
of E-cadherin is not detectable in ADPKD cells, sug-
gesting that loss of E-cadherin from adherens junctions
is a result of down-regulation of its expression or post-
translational degradation. The N-cadherin was found to
be expressed at a higher level in ADPKD cells as com-
pared to normal cells. In combination with our immu-
nofluorescent results (Fig. 2) showing membrane
localization of N-cadherin in cystic cells but not in
normal cells, our data suggest possible compensatory
expression of N-cadherin in place of E-cadherin in cystic
epithelia. In contrast, the desmosomal junction compo-

nents desmoglein and desmocollin appear to be similarly
expressed in normal and ADPKD cells (Fig. 3). This
suggests that desmosomal proteins are still expressed at
a normal level in ADPKD, but are not able to properly
localize to cell–cell contacts. Similar to the expression of
desmosomal components, PC-1 is expressed at wild-type
levels in ADPKD cells (Fig. 3), but is not targeted to the
membrane (Fig. 2a). Interestingly, we observed contin-
uous expression of PC-1 in all three cystic ADPKD
epithelia cultures examined (not shown). Similar results
were reported by others showing that ADPKD cyst-
derived epithelia continue to express PC-1 (Ong et al.
1999; Roitbak et al. 2004; Ward et al. 1996).

Co-sedimentation of polycystin-1 with desmosomal
proteins in normal and ADPKD cells

To investigate whether intracellular redistribution for
PC-1 and desmosomal proteins are concordant in AD-
PKD cells and to confirm the importance of PC-1 for
desmosomal junctions, we have performed sucrose gra-
dient co-sedimentation experiments. We aimed to
examine which cell–cell junctional markers co-sediment
with PC-1 on sucrose density gradients in normal and
ADPKD cells.

Fig. 1 Localization of
polycystin-1 (PC-1) to
desmosomal junctions in
normal human primary renal
tubular epithelial cells. The
PC-1 staining (red) and
desmoplakin, desmoglein, and
desmocollin staining (green) are
shown. The merged image
shows complete colocalization
of PC-1 and desmosomal
markers, producing yellow
overlapping pattern. Scale bar
equals to 10 lm as indicated
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Normal and ADPKD cell homogenates were centri-
fuged through continuous sucrose gradients and frac-
tions were subjected to western blot analysis. A
representative experiment is shown in Fig. 4. In normal
human primary epithelial cells, PC-1 was found in
fractions 14–19 as shown in Fig. 4. As expected, the
desmosomal proteins desmoplakin and desmoglein were
copurifying in these fractions. Desmoglein distributed
more broadly than desmoplakin over several fractions,
however. The presence of E-cadherin and Na+/K+

ATPase in these fractions confirms the membrane
localization for PC-1 and desmosomal markers as seen
by immunofluorescence in Fig. 1. In ADPKD cells,
however, PC-1 was no longer seen in fractions 16–19,
but was found in intracellular vesicles partially over-
lapping with the Golgi marker. Desmosomal markers in
ADPKD cells exhibited the same sedimentation peak as
PC-1 in fractions 12–15 (Fig. 4). An additional pool of
desmoglein immunoreactive bands was detected in
fractions 3–5, where no PC-1 was found. The signifi-
cance of this pool needs further investigation. Thus, it
appears that PC-1 co-sediments with desmosomal pro-
teins in both normal and ADPKD cells: PC-1 and des-
mosomal proteins are localized to the cellular

membranes in the normal state and to the intracellular
compartments in the cystic state. Control proteins
Na+/K+-ATPase and GS 28 exhibited overlapping
patterns of sedimentation in both normal and ADPKD
cell lines. The E-cadherin expression in ADPKD cells
was almost undetectable in sucrose gradient fractions,
corroborating down-regulation of its expression seen in
western blot analysis (Fig. 3). A similar pattern of E-
cadherin expression in the cystic state was also reported
in primary cultures of independent origin (Roitbak et al.
2004). Therefore, our data demonstrate perturbation of
desmosomal cell–cell junctions in ADPKD cells.

Expression of desmosomal proteins in normal and
ADPKD kidneys in vivo

Analysis of immunoperoxidase staining of normal and
ADPKD renal tissues was performed to address distri-
bution and expression patterns of desmosomal junc-
tional proteins. As shown in Fig. 5a, desmoplakin
showed strong staining of tubular epithelia with mem-
brane accentuation in normal kidney. In contrast,
cytoplasmic expression of desmoplakin was mainly seen

Fig. 2 a Abnormal expression
of desmosomal junctional
proteins in ADPKD cells. The
top row shows normal human
renal epithelial cells and the
bottom row shows ADPKD
primary cystic epithelial cells.
Cells were immunostained with
antibodies against markers of
desmosomal cell–cell junction
as indicated on the top of each
image. Note the membrane
localization of PC-1,
desmoplakin, desmoglein, and
desmocollin in the normal state
(top row) and loss of membrane
association for all these proteins
in cystic state (bottom row). In
ADPKD cells, an intracellular
punctate pattern of staining for
PC-1 and desmosomal proteins
is detected. b Expression of
adherens junctions (AJ) in
normal and ADPKD cells.
Membrane localization of E-
cadherin is detected only in
normal cells. Note unexpected
membrane localization of N-
cadherin in ADPKD cells, but
not in normal cells. Scale bar
equal to 10 lm as indicated
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in cystic kidney tissue from an ADPKD patient
(Fig. 5b). Desmoglein exhibited weaker expression in
lateral membranes of normal kidney tubules with addi-
tional punctate cytoplasmic staining (Fig. 5c). De-
smoglein was seen only in cytoplasmic pools of mature
cyst-lining epithelial cells, but still could be found par-
tially membrane-associated in early stages of cystic
growth (Fig. 5d). Therefore, the observed expression of
desmosomal junctional proteins in normal and cyst-de-
rived primary epithelial cells is in concordance with
expression observed in normal and ADPKD kidney
tissue.

We have also analyzed the expression of adherens
junction proteins in normal and cystic kidney cortex.
The E-cadherin, as expected, showed strong basolateral
expression in the distal nephron of normal kidney, but
no expression in the normal proximal tubule (Fig. 5e).
Cystic samples demonstrated preferentially cytoplasmic
staining with partial basolateral localization (Fig. 5f). A
weak expression of N-cadherin is detected in proximal
tubules of normal kidney, but increased expression is
observed in cystic epithelia (Fig. 5g, h). Thus, the
aberrant expression of junctional proteins in ADPKD
cystic epithelia clearly shows that intercellular adhesion
is compromised at both adherens and desmosomal
junctions during cytogenesis.

Discussion

The role of PC-1 in epithelial cell differentiation and
maturation has been directly established by Pkd1 knock-
out studies (Boulter et al. 2001; Kim et al. 2000; Lu et al.
1997). We and others have previously demonstrated that
PC-1 is an important dynamic player in normal tubular
epithelial morphogenesis with a direct role in cell–cell
adhesion (Bukanov et al. 2002; Huan and van Adelsberg
1999; Scheffers et al. 2000; Streets et al. 2003). Specifi-
cally, PC-1 was shown to be a novel component of
desmosomes, interacting with intermediate filaments
(Bukanov et al. 2002; Scheffers et al. 2000; Xu et al.
2001). Also, PC-1 is likely to employ homophilic inter-
actions of its Ig-like domain in order to mediate inter-
cellular adhesion (Ibraghimov-Beskrovnaya et al. 2000).
The role of PC-1 in molecular cystogenesis, however, has
not been fully characterized.

We reasoned that, because intercellular adhesion
junctions are well known to rearrange during differen-
tiation and in pathologic conditions, it is possible that
mutations in PC-1 may result in perturbation of cell–cell
adhesion in ADPKD epithelia. We have specifically fo-
cused on desmosomal junctions of primary cells derived
from ADPKD cysts. Indeed, we have found profound

Fig. 3 Expression levels of
intercellular junctional proteins
in normal and ADPKD cellular
lysates. Equal amounts of total
protein lysates isolated from
normal and ADPKD cells were
blotted with antibodies against
PC-1 and junctional markers as
indicated on top of each panel
and identified by arrowheads E-
cadherin (E-cad), N-cadherin
(N-cad), Desmoglein-1
(Desmgl-1), Desmocolin-2/
Desmocolin-3 (Desmocol-2/3),
and polycystin-1 (PC-1). Note
the down-regulation of E-
cadherin and up-regulation of
N-cadherin expression levels in
ADPKD cells. Molecular
weight standards (·10�3) are
indicated on the left of each
panel

492



abnormalities in desmosomal protein localization in
cystic epithelia. First, using normal primary kidney
tubular epithelial cells, we have confirmed PC-1 locali-
zation to the desmosomes, as previously demonstrated
for immortalized cell lines (Bukanov et al. 2002). In
contrast, we have seen no expression of the desmosomal
proteins desmoglein, desmocollin, and desmoplakin at
the lateral membranes of ADPKD cells. Interestingly,
desmosomal proteins are still produced, as detected by
western blotting, but are evidently unable to properly
localize to the intercellular membranes and were only
found in the cytoplasmic pools. Such an expression
pattern for desmosomal proteins is concordant with the
PC-1 expression pattern in ADPKD cells. The expres-
sion of PC-1 in ADPKD primary cells is also detected in
cystic cultures of independent origins, suggesting that

cyst formation is not accompanied by the loss of protein
(Roitbak et al. 2004; Streets et al. 2003). We further
confirmed by co-sedimentation experiments that intra-
cellular vesicular redistribution for PC-1 and desmo-
somal proteins were concordant in ADPKD cells. Based
on these data as well as previous observations made by
us and others, we propose a model, showing engagement
of PC-1 in formation of desmosomal junctions in normal
and cystic epithelial cells (Fig. 6). Our data demonstrate
that PC-1 is essential for normal desmosomal function
and that desmosomal junctions cannot form properly in
ADPKD. To understand the molecular events in the
dynamic process of formation of cell–cell junctions and
how mutated PC-1 leads to mislocalization of junctional
proteins, it would be interesting to test a direct effect of
down-regulation of PKD1 gene using RNAi technology.

Abnormalities were also detected in adherens junc-
tions, where significant down-regulation of E-cadherin
was seen, in agreement with previous reports (Roitbak
et al. 2004; Streets et al. 2003). Interestingly, N-cadherin
was expressed at intercellular membranes of ADPKD
cells, but not in normal cells. In addition, we have found
that N-cadherin was expressed at higher levels in AD-
PKD cysts in vivo, while only weak staining was seen in
normal proximal nephron. We propose that it may be
expressed in place of E-cadherin, possibly by a com-
pensatory mechanism as described in similar studies

Fig. 4 Cosedimentation of PC-1 and desmosomal proteins from
normal and ADPKD cells through 5–40% sucrose gradients.
Shown are PVDF membrane transfers of sucrose gradient fractions
1–19 from either normal or ADPKD cells (as indicated on the left
of each panel) separated by SDS-PAGE and stained with different
antibodies (as indicated on the right). Co-sedimentation of PC-1
with desmoplakin and desmoglein in the membrane fraction of
normal epithelial cells (fractions 14–19) is seen. Note the shift of co-
sedimentating fractions of PC-1 and desmosomal markers to the
pool of intracellular vesicles in ADPKD cells. As controls for the
sucrose gradients, Na+/K+ATPase and GS 28 were analyzed.
Note the overlapping patterns in both normal and ADPKD cells
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(Streets et al. 2003). It is important to note that some
cysts were negative for N-cadherin expression, suggest-
ing possible compensatory expression of other as yet
unidentified junctional proteins.

Fig. 5 Distribution of intercellular junctional markers in normal
and ADPKD kidney. Human normal and ADPKD kidneys were
frozen and 7 lM sections were labeled with antibodies against
desmosomal markers (a–d), E-cadherin, (e, f) and N-cadherin (g, h)
as indicated on the right of each row. The cystic lumen is indicated
(Cy)
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Interestingly, desmoglein and E-cadherin still exhib-
ited partial membrane association (in addition to the
cytoplasmic pools) in epithelia lining ADPKD cysts in
the early stages of cystogenesis. In view of compensatory
N-cadherin expression in ADPKD cysts, it is likely that
in vivo cystic epithelial cells remain partially polarized
and still maintain cell–cell/matrix adhesion. At later
stages of cystogenesis, the cyst-lining cells dedifferentiate
so that the loss of normal intercellular adhesion becomes
more evident. In primary ADPKD cultures we do not
detect any membrane-associated E-cadherin and only a
small amount of protein can still be detected in the
cytoplasm. Because cyst formation in ADPKD occurs
over time and newly formed cysts arise from fully
formed tubules, deregulation of cell–cell contacts and
loss of normal epithelial phenotype become more
prominent as cystic growth progresses. We suggest that
since ADPKD cultures are derived from cysts where

critical molecular mechanisms of dedifferentiation are
already engaged, cell–cell contacts cannot form properly
in culture resulting in mislocation of desmosomal pro-
teins and down-regulation of E-cadherin.

Several other functions were recently ascribed to
PC-1, particularly in primary cilia (Ong et al. 2003).
Importantly, by using the same anti-polycystin anti-
body, we and others have demonstrated that PC-1
localizes to desmosomal junctions in the early stages of
epithelial sheet formation, and at late stages can be de-
tected in primary cilia as they are formed (Yoder et al.
2002). Also, PC-1 was shown to be important in cell/
matrix interactions (Joly et al. 2003; Wilson 2004b). The
inactivation of tensin and insertional mutation in lami-
nin alpha five result in cystogenesis (Lo et al. 1997;
Shannon and Miner et al. 2004). Therefore, it will be of
great interest to determine other functional abnormali-
ties of ADPKD epithelia.

In conclusion, we have shown abnormal expression
of desmosomal proteins and perturbation of intercellu-
lar adhesion in ADPKD primary cells. The disruption of
cell–cell interactions would lead to increased prolifera-
tion and dedifferentiation seen in ADPKD. Moreover,
the extracellular region of PC-1 was shown to be critical
for regulating ion currents—the downstream signals for
intercellular interactions (Babich et al. 2004). Thus, al-
tered intercellular adhesion causes changes in ionic
currents and, together with other signaling pathways,
culminates in cystic transformation.
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Fig. 6 Possible arrangement of polycystin-1 and cell–cell contacts
of normal and ADPKD epithelial cells. In normal tubular epithelial
cell, polycystin-1 co-localizes and co-sediments with desmosomal
junctional (DJ) proteins (Bukanov et al. 2002; Scheffers et al. 2000;
Xu et al. 2001). Shown are DJ components: desmoplakin (Dp),
desmogleins (Dsg), desmocollins (Dsc), and plakoglobin (Pg).
Polycystin-1 (PC-1) is likely to engage its extracellular PKD (Ig-
like) domains for homotypic interactions from opposing cells
(Ibraghimov-Beskrovnaya et al. 2000). DJ proteins link together
intermediate filaments (IF) of epithelial cells (Gumbiner 1996). A
major component of adherens junctions (AJ) is E-cadherin (E-cad),
associated with a, b, and c-catenins (catenins), providing linkage to
the actin cytoskeleton (Gumbiner 1996). In ADPKD epithelial
cells, disfunctional PC-1 (shown by crossed red lines) and
desmosomal proteins are lost from cell–cell contacts and remain
in intracellular vesicles. Expression of E-cadherin is greatly
reduced, resulting in compensatory expression of N-cadherin (N-
cad) (Roitbak et al. 2004)
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