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ABSTRACT

Background: In a majority of cases, autosomal domi-
nant polycystic kidney disease (ADPKD) is caused by
mutations within a putative open reading frame of the
PKD 1 gene. The encoded protein, polycystin, is predicted
to span the plasma membrane several times and contains
extracellular domains, suggestive of a role in cell adhe-
sion. The cellular distribution and function of polycystin
is not known.
Materials and Methods: We selected as immunogens
two conserved 15 amino acid peptides: P1, located in a
predicted extracellular region of polycystin, and P2, lo-
cated in the C-terminal putative cytoplasmic tail. The
anti-peptide antibodies from immunized rabbits were
affinity purified on peptide-coupled resins and their
specificity confirmed by their selective binding to recom-
binant polycystin fusion proteins. Westem blotting and
immunohistochemistry were used to characterize the
size, tissue, and cell distribution of polycystin.
Results: A high-molecular mass protein (about 642 kD)

was detected by Western blotting in rat brain tissue. A
few additional bands, in the 100- to 400-kD range, prob-
ably representing tissue-specific variants and/or proteo-
lytic fragments, were recognized in human and rat tis-
sues. Polycystin was abundantly expressed in fetal
kidney epithelia, where it displayed basolateral and api-
cal membrane distribution in epithelial cells of the ure-
teric buds, collecting ducts, and glomeruli. In normal
human adult kidney, polycystin was detected at moder-
ate levels and in a cell surface-associated distribution in
cortical collecting ducts and glomerular visceral epithe-
lium. Expression of polycystin was significantly increased
in cyst-lining epithelium in ADPKD kidneys, but was
primarily intracellular.
Conclusions: Polycystin appears to be a developmen-
tally regulated and membrane-associated glycoprotein.
Its intracellular localization in the cyst-lining epithelium
of ADPKD kidneys suggests an abnormality in protein
sorting in this disease.

INTRODUCTION
Autosomal dominant polycystic kidney disease
(ADPKD) is one of the most common genetic
diseases in humans (1). With an estimated inci-
dence of 1 in 1000 individuals, ADPKD is the
most common genetic cause of renal failure, ac-
counting for 8-10% of end-stage renal disease
(2). The characteristic feature of this disease is

Address correspondence and reprint requests to: M. Amin
Arnaout, Renal Unit, Massachusetts General Hospital, 149
and 13th Street, Charlestown, MA 02129, U.S.A.

702

the formation and progressive enlargement of
multiple fluid-filled cysts in both kidneys, often
resulting in massive kidney enlargement. The
enlarging cysts gradually cause destruction of
normal renal parenchyma, leading to impaired
function, with end-stage renal failure occurring
in 50% of affected individuals by the age of 60
(3). Although renal involvement is the hallmark
of ADPKD, extrarenal manifestations are very
common and include cysts in various organs,
cardiac valve defects, intracranial aneurysms, co-
lonic diverticulae, and inguinal hernias.
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ADPKD has been linked to three different
loci: PKD1 on chromosome 16 (4), PKD2 on
chromosome 4 (5,6), and a yet to be mapped
PKD3 (7,8). Mutations in PKD1 account for
about 85-95% of patients suffering from ADPKD
and generally cause the more severe form, with
an earlier onset of end-stage renal disease (3,9).
Human PKD1 was identified by positional clon-
ing, and homologs have been found in rodents,
fish, and worm (Refs. 10 and 11, and our unpub-
lished observations). PKD 1 transcripts have been
found in many tissues including human brain,
liver, kidney, and colon (12,13). Mutations in
the 3' region of human PKD 1 were detected in
several patients with ADPKD (12,14,15). In hu-
mans, but apparently not in rodents, approxi-
mately 50 kb of DNA, including all but about 10
kb of the 3' region of PKD 1 is duplicated with
>95% sequence homology, centromeric to
PKD1 (12). The duplicated area contains at least
four copies of the PKD1 region, encoding three
homologous genes, and although these are tran-
scribed, it is not currently known if functional
protein(s) are produced.

The protein encoded by the bona fide human
PKD1 transcript, polycystin, is 4302/3 amino ac-
ids (aa) in length, with 60 potential N-glycosyl-
ation sites (14,15). It is a putative multispanning
membrane protein with a large N-terminal
ectodomain containing a unique compilation of
known cell adhesion domains. These include two
leucine-rich repeats, a C-type lectin domain, and
16 immunoglobulin-like domains. Despite these
recognized features, the size and function of this
protein are unknown. The biochemical defect(s)
that triggers renal cyst formation in ADPKD and
the mechanism(s) responsible for its autosomal
dominant inheritance are also unknown. Abnor-
mal thickening and disorganization of the tubu-
lar basement membrane noted in the early stages
of the disease (16), together with evidence of
epithelial dedifferentiation at focal areas of tubu-
lar dilatation (17,18), suggest a potential role of
polycystin in cell and matrix adhesion.

In this report, we determined the molecular
mass of polycystin and its localization in normal
and diseased tissues using anti-peptide antibod-
ies that also cross-react with the rat protein. Mul-
tiple forms of the protein were detected by West-
ern blotting; in particular, one form with a high
molecular mass, of 642 kD, was detected in rat
brain. In normal fetal and adult kidney epithe-
lium, polycystin exhibits basolateral and apical
cell distributions. In contrast, polycystin was lo-
cated intracellularly in ADPKD cystic kidney

epithelium, suggesting a defect in protein traf-
ficking and a potential mechanism by which
PKD 1 mutations cause disease.

MATERIALS AND METHODS
Generation of Anti-Polycystin Antibodies
P1 and P2, 15 aa peptides from the predicted
sequence of human polycystin, were synthe-
sized. Both peptides were selected based on their
hydrophilicity, surface probability, and antige-
nicity using the PeptideStructure Program from
the Genetics Computer Group, Inc. (GCG, Mad-
ison, WI, U.S.A.). In addition, they were poor in
serines and threonines, and hence less likely to
be masked by carbohydrate chains. P1 and P2
were outside the regions of recognized motifs and
had no homologs in the GenBank protein data-
bases. Human P1 (GEEIVAQGKCRSDPRS, equiva-
lent to GEEIVALGKRSDPLS in the mouse [A.-M.
Frischauf, personal communication]) is contained
within the duplicated region of the gene. P2
(LSKVKEFRHKVRFEG, equivalent to FSKVKE-
FRHKVRFEG in the mouse [K. Kim and M. A.
Arnaout, unpublished]) was derived from the 3'
single copy region, encoding the putative cytoplas-
mic C-terminal portion of polycystin. Each of the
purified peptides were coupled through a synthetic
N-terminal cysteine to keyhole limpet hemicyanin
(KLH) and bovine serum albumin (BSA). Two
New Zealand white rabbits were immunized with
the KLH-coupled peptides. The immune sera re-
acted strongly by enzyme-linked immunosorbent
assay (ELISA) with the respective BSA-coupled
peptides (not shown). Anti-peptide antibodies
were purified using affinity columns prepared by
coupling each peptide to SulfoLink affinity resin
(Pierce Chemical Co., Rockford, IL, U.S.A.). Each
affinity-purified antibody reacted specifically with
its respective BSA-coupled peptide (not shown).
Protein concentrations were estimated by measur-
ing absorbance at 280 nm.

Expression of Recombinant
Polycystin Peptides
The cDNAs 3A3 (12) and FK7 (14) were gifts
from Dr. Peter C. Harris (Oxford, United King-
dom) and Dr. M. Alexandra Glucksmann-Kuis
(Millennium Pharmaceuticals, Cambridge, MA,
U.S.A.), respectively. The 3A3 cDNA was di-
gested with the restriction endonucleases FspI-
EcoRI, releasing a 527 bp fragment, which was
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cloned in frame into the BamHI-EcoRI-restricted
expression vector pRSETA (Invitrogen, San Di-
ego, CA), to generate an oligohis-tagged fusion
protein containing aa 4135-4302 of human
polycystin. An 851 -bp SacI-BamH-restricted frag-
ment from cDNA clone FK7 was also cloned in
frame into PvuII-restricted pRSETA, to generate a
fusion protein containing aa 2678-2960 of hu-
man polycystin. The correct orientations of the
cDNA inserts were confirmed by restriction anal-
ysis and DNA sequencing. Each plasmid was
transformed into the Escherichia coli strain BL21
(DE3) (Novagen, Madison, WI, U.S.A.). E. coli
were cultured in LB medium followed by induc-
tion with Isopropylthiogalactopyranoside (IPTG)
at 0.2 mM for 3 hr at 370C. The cellular proteins
were harvested and analyzed by SDS-PAGE,
Coomassie staining, and Western blotting.

Tissue Specimens

Rat fetal and adult tissues were obtained from
pregnant Sprague-Dawley rats (Sprague-Dawley
Inc., Indianapolis, IN, U.S.A.) at 18 days of ges-
tation using a protocol approved by the Massa-
chusetts General Hospital (MGH) Animal Care
subcommittee, immediately frozen in liquid ni-
trogen, and stored at -80°C until used. Fresh
normal human adult kidney tissue was obtained
from the National Disease Research Interchange
(Philadelphia, PA, U.S.A.), under protocols ap-
proved by the MGH Human Subjects subcom-
mittee. The kidney tissue was immediately fro-
zen in liquid nitrogen and stored at -80°C until
used. Fresh normal human fetal kidneys were
obtained from human fetuses that were legally
aborted at 12 and 20 weeks of gestation. Fetal
kidneys were either placed in 10% formalin for
fixation or immediately frozen in liquid nitrogen
and stored at -800C until used. Fresh kidney
tissues from two patients with ADPKD and end-
stage renal disease who underwent nephrectomy
were obtained through the PKD Foundation.
Slides containing 4-mm sections of formalin-
fixed, paraffin-embedded normal kidney tissues
from adults who underwent nephrectomy for
renal cell carcinoma were obtained from the
MGH Department of Pathology.

Western Blotting
To assess the specificity of the affinity-purified
anti-peptide antibodies, E. coli expressing the poly-
cystin-derived fusion proteins were solubilized in
1 X Laemmli sample buffer and electrophoresed on

14% SDS-PAGE, followed by electroblotting onto
an Immobilon-P membrane (Millipore, Bedford,
MA, U.S.A.). The membrane was blocked with
10% dried nonfat milk in phosphate-buffered sa-
line (PBS) containing 0.1% Tween-20 (PBS-T), fol-
lowed by incubation with affinity-purified anti-
peptide antibodies (at 5 jig/ml). The membrane
was washed, incubated with a secondary horse-
radish peroxidase-conjugated goat anti-rabbit
antibody (Sigma Chemical Co., St. Louis, MO),
washed again, and developed by enhanced
chemiluminescence (ECL system; Amersham
Corporation, Arlington Heights, IL, U.S.A.).

Western blotting of rat tissues was carried
out as follows: forty 10-mm sections of freshly
frozen adult brain tissue and of sagittal hemisec-
tions of fetuses across kidney tissue were cut in a
cryostat and solubilized in 1 ml of Laemmli sam-
ple buffer (19). Proteins were separated by elec-
trophoresis on a 3-11 % gradient SDS-PAGE un-
der reducing conditions, then electroblotted onto
Immobilon-P membrane (Millipore). Freshly fro-
zen human fetal kidney tissues were homoge-
nized with a Dounce tissue homogenizer in ice-
cold lysis buffer (50 mM Tris-HCl pH 7.4, 110
mM NaCl, 1% Triton X-100, 5 mM EDTA, 0.5
mM Na-orthovanadate, 5 mM diisopropylfluoro-
phosphate, 1 mM phenylmethylsulfonylfluoride,
2 mg/ml pepstatin, and Complete proteinase in-
hibitors; Boehringer-Mannheim, Indianapolis,
IN, U.S.A.). The homogenate was incubated on
ice for 10 min followed by centrifugation at
10,000 rpm in a Beckmann minicentrifuge at
40C. The soluble proteins were separated in a
3-11% gradient SDS-PAGE under reducing con-
ditions and then electroblotted. The Immobilon-P
membranes were blocked, then incubated with
anti-peptide antibodies (each at 5 ,g/ml) for 1 hr
at room temperature in the presence or absence
of the corresponding immunization peptide (at a
10-fold molar excess). Membranes were then
processed as described above.

Immunohistochemistry
Freshly frozen and fixed tissues were cut, respec-
tively, into 5- and 4-mm sections and mounted
on Superfrost/Plus microscope slides (Fisher Sci-
entific, Pittsburgh, PA, U.S.A.). Immunostaining
of cryosections was performed using affinity-
purified anti-peptide antibodies. Tissue sections
were blocked with 1 % BSA in PBS for 20 min at
room temperature. Afterwards, the sections were
incubated with each antibody (at 5-10 jig/ml in
1 % BSA) for 1 hr at room temperature or over-
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night at 4°C, in the absence or presence of a
10-fold molar excess of the corresponding pep-
tide. To expose the "hidden" putative cytoplas-
mic epitope, the frozen sections were fixed by
incubation in 95% ethanol at 40C for 5 min and
subsequently denatured by incubation in 6 M
urea/0.1 M glycine, pH 3.5, for 1 hr at 4°C (20).
Sections were then blocked with 1% BSA, fol-
lowed by addition of the primary antibodies. Sec-
tions of fresh human adult kidney tissue were
stained with an antibody directed against the 56
kD subunit of H+-ATPase (at 1:100 dilution) (21),
then processed as described above for AP1. Sec-
tions of human adult and fetal kidney tissue were
additionally stained (for 30 min at RT) with FITC-
conjugated Dolichos biflorus agglutinin (DBA) to
identify kidney collecting ducts (22). Sections of
formalin-fixed paraffin-embedded tissue were de-
waxed by incubation in Xylenes. The tissue was
subsequently rehydrated by serial incubations in
ethanol of decreasing concentrations. The tissue
was blocked with BSA, then incubated for 1 hr
each with the primary antibodies and a 1:800 di-
lution of a CY3-conjugated goat anti-rabbit IgG
secondary antibody (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, U.S.A.). The
sections were then mounted in Vectashield mount-
ing medium (Vector Laboratories, Inc., Burlin-
game, CA, U.S.A.). Slides were examined by Nikon
FXA epifluorescence microscope and BioRad
MRC600 laser confocal microscope. Photographs
were taken on Kodak Tmax-400 film, 1600 ASA.

RESULTS
Characterization of Anti-Polycystin
Antibodies
The ability of each affinity-purified antibody to
detect the respective peptide in the context of a
large fragment of polycystin was determined us-
ing Western blotting of recombinant polycystin-
derived fusion proteins. As shown in Fig. 1, each
antibody reacted only with the recombinant
polycystin fragment containing the respective
peptide used in immunization.

Molecular Mass of Polycystin
Western blotting was performed on extracts from
rat adult brain tissue and kidney-containing he-
misections of rat fetuses (gestational age 18
days), using the two anti-peptide antibodies. For
these experiments, fresh rat tissues were har-
vested and used immediately to minimize proteo-
lysis. In rat brain tissues, AP2 recognized three

41 kD _ji!!

23 kD -0 ................3

FIG. 1. Expression of recombinant polycystin
fusion peptides
(left panel) Coomassie stain of a 14% SDS-polyacryl-
amide gel following electrophoresis of lysates from
IPTG-induced E. coli transformed with vector alone
(control, Lanes 1 and 4) or with plasmids containing
the 527-bp (Lanes 2 and 5) and 851-bp (Lanes 3 and 6)
polycystin cDNA fragments. Prominent Coomassie-
stained bands of -23 kD (Lanes 2 and 5) and -41
kD (Lanes 3 and 6) are detected. These bands are
not seen in the control (Lanes 1 and 4). (right
panel) Western blotting of a gel similar to the one
shown in the left panel, probed with AP2 (Lanes
7-9) or API (Lanes 10-12). API and AP2 reacted
with the 41- and the 23-kD fusion proteins, respec-
tively. Arrowheads represent mobility of the molecu-
lar mass markers from Gibco-BRL: phosphorylase b
(125.6 kD), bovine serum albumin (79.6 kD), oval-
bumin (47.7 kD), and carbonic anhydrase (28.1 kD).

major bands at 642, 405, and 239 kD (Fig. 2,
Lane 1). These bands were competed in the pres-
ence of P2 (data not shown). In rat fetal kidney-
containing hemisections, two major specific
bands at 415 and 239 kD were seen. In addition,
fainter bands at 139 and 211 kD, and a variable
band at 312 kD were observed (Fig. 2, Lanes 2
and 3). These bands disappeared in the presence
of the P2 peptide (Fig. 2, Lane 4). The 415- and
211-kD species were also visualized with API
(Fig. 2, Lane 6). The faintness of the 415-kD
band detected with API may reflect inadequate
renaturation of the internal P1 epitope in the high-
molecular weight forms of polycystin. In rat fetal
kidney tissue, API also reacted with three addi-
tional bands of about 271, 194, and 109 kD (Fig. 2,
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642 kD-
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Lane 6). The last band was also detected in SDS-
extracted "matrix" present on tissue culture plates
after detachment of subconfluent monolayers of
human HT29 colonic tumor cells (provided by
Daniel Podolsky, MGH), suggesting that this prod-
uct is released from cells (data not shown). The
271-, 194-, and 109-kD bands were not detected
by AP2 (Fig. 2, Lanes 2 and 3), suggesting that they
do not contain the C-terminal portion of polycys-
tin. API gave a strikingly similar protein profile
when human fetal kidney tissue was analyzed
(Fig. 2, compare Lane 7 with Lane 6). Taken to-
gether, these findings indicate that the largest form
of polycystin has an apparent molecular mass of
642 kD. The absence of this species in kidney tissue
processed under identical conditions may reflect
either tissue-specific expression of this form of
polycystin or perhaps a greater intrinsic proteolytic
activity in peripheral tissues. Tissue-specific alter-
native splicing or proteolysis and differential glyco-
sylation may also be important in generation of
some of the specific lower molecular mass forms.

Immunolocalization of Polycystin in
Normal Rat and Human Kidneys
In frozen sections of rat fetal kidney, API reacted
strongly with the basal surface and weakly with the
apical pole of the branching ureteric bud and col-
lecting duct epithelium (Fig. 3a). There was weak
staining of the basal surface of S-shaped (Fig. 3a)
and comma-shaped bodies (not shown), and of

FIG. 2. Western blotting of rat and
human fetal kidney tissues using
API and AP2

. Extracts from rat brain (Lane 1) and rat
fetal kidney-containing tissue (Lane 2)
probed with AP2. The major bands are
indicated by arrows. Lanes 3-6, a second
experiment where the electrophoresed

g:2s extracts from rat fetal tissues were
probed with AP2 (Lanes 3 and 4) or API

:Ci (Lanes 5 and 6) in the absence (Lanes 3
and 6) or presence (Lanes 4 and 5) of

kD * the respective peptide. The high-molecu-
kD _l | i lar mass bands that are competed when
kD _ the peptide is present are indicated by

arrows. The major specific bands de-
tected by API in the rat tissues are also
seen in human fetal kidney tissue (Lane

kD 7, arrows), and are competed by the re-
spective peptide in this species (data not
shown). The cross-linked phosphorylase
b SDS molecular weight markers of
584.4, 487.0, 389.6, 292.2, 194.8, and
97.4 kD (obtained from Sigma) are indi-

7 cated by arrowheads.

developing proximal tubules (Fig. 3a and data not
shown). In developing glomeruli, there was heavy
staining at the level of the basement membrane
and weak staining of Bowman's capsule (Fig. 3a).
All this staining was completely blocked by P1
(not shown). No staining of uninduced mesen-
chyme, interstitium, or vasculature was ob-
served. In frozen sections of human fetal kid-
neys, API revealed moderate staining of the
apical surface of cortical collecting ducts (Fig. 3b)
and ureteric buds (not shown), but weak stain-
ing at their basolateral surfaces. The nature of
these structures was confirmed by positive stain-
ing with FITC-conjugated DBA (data not
shown). There was intense staining of develop-
ing glomeruli at the level of the basement mem-
brane (Fig. 3b), identical to that seen in rat fetal
kidneys. Examination by confocal microscopy
showed the staining to be associated with the
basolateral membrane of visceral epithelial cells
(not shown). Faint staining was observed in the
apical and lateral surfaces of parietal epithelium
(Fig. 3b, and data not shown). In all cases, stain-
ing was abolished in the presence of the P1 pep-
tide (data not shown). AP2 did not result in any
staining in rat or human tissues under these
standard conditions. However, when these tis-
sues were denatured with 6 M urea, specific
staining of collecting duct epithelium was seen
(Fig. 3c and data not shown).

Polycystin was also detected, albeit in lower
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FIG. 3. Immunolocalization of polycystin in rat fetal kidney (18 day gestation) (a), human fetal
kidney (12 week gestation) (b and c), and human adult kidney (d)
Staining was carried out using API (a, b, and d) and AP2 (c). (a) Branching ureteric buds are stained brightly at
the basal surface (arrow), and faintly at the apical surface. Bright staining is observed in developing glomeruli (G),
at the level of the glomerular basement membrane, with weak staining of Bowman's capsule. Moderate staining of
an S-shaped body (S) is also seen. Bar = 20 ,um. (b) Intense staining of human fetal glomeruli (G) at the level of
the basement membrane, with occasional staining of parietal epithelium and moderate staining of the apical pole
(arrows) of a collecting duct. Bar = 20 ,tm. (c) AP2 staining of parietal epithelium but not the glomerular tuft,
and moderate staining (arrows) of a collecting duct. The tissue was first denatured with 6 M urea prior to staining.
Bar = 20 ,um. (d) Bright staining at the level of the basement membrane of a glomerulus, but no staining of Bow-
man's capsule. Moderate apical and basolateral staining of intercalated cells (arrows) is also observed. Bar = 20

amounts, in glomeruli and collecting ducts of
frozen sections from normal human adult kidney
tissue. In glomeruli, linear staining was seen at
the level of the basement membrane. In collect-
ing ducts (identified by their positive staining
with DBA), API stained the apical and the baso-
lateral surface of epithelial cells (Fig. 3d). This
staining was limited to intercalated cells (ex-
pressing the 56-kD subunit of H+-ATPase, not
shown). The glomerular and collecting duct
staining was again blocked by the P1 peptide (not
shown). No labeling was seen in other urinary
tubules, in the interstitium, or in the vasculature.
Staining of sections from formalin-fixed, paraffin-
embedded normal human adult kidney tissue with
API revealed widespread nonspecific staining of
tubular epithelium (not blocked by P1, data not

shown). Similarly, minimal staining with API was
seen in formalin-fixed, paraffin-embedded human
fetal kidney (20-week gestation). These data sug-
gest that formalin fixation impairs the reactivity of
API with its antigen and increases background
staining by this antibody in healthy renal tissue.

Abnormal Cellular Localization of
Polycystin in ADPKD Kidneys
In sections of freshly frozen end-stage kidney
tissue from two patients with ADPKD, API pro-
duced strong and specific staining of cyst-lining
epithelia (Fig. 4 a-c) as well as in noncystic
tubules (not shown). A similar pattern was seen
in denatured ADPKD kidney tissue using AP2
(Fig. 4d). Little staining was observed in glomer-
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FIG. 4. Immunolocalization of polycystin in kidneys from two patients with ADPKD
API (a, b, c, e, and f) and AP-2 (d) were used for immunostaining. (a-d) There is intense cytoplasmic staining of
the epithelial cells of cystic tubules (arrows) in Patient 1 (a) and 2 (b and c). Staining was largely abolished in the
presence of P1 (c). Bar = 20 ,um. (e and f) Confocal microscopy images of tissue sections from normal human fe-
tal kidney (e) and ADPKD kidney from Patient 2 (f) are shown. The strong apical (arrows) and weak basal (arrow
heads) staining in normal epithelium is replaced by heavy cytoplasmic staining in the cyst-lining epithelial cells (d,
arrows), that is most intense in the preinuclear region. Bar = 20 ,tm.

uli, which were largely sclerosed (not shown). In
contrast to normal tissues, most of the staining in
cystic epithelium from fresh frozen tissue was
intracellular (Fig. 4 a and b). This was confirmed
by examining API-stained normal and cyst-lin-
ing epithelium by confocal microscopy (Fig. 4 e

and f). While polycystin was associated with the
surface membrane in normal human fetal col-
lecting duct epithelium, it was largely cytoplas-
mic in ADPKD cyst-lining epithelium and was
clustered and most intense in the perinuclear
area (Fig. 4f).
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DISCUSSION
The major findings in the present report are the
following. First, we have identified a 642-kD
form of polycystin. This is considerably higher
than the predicted 462-kD size for the unmodi-
fied protein, suggesting that polycystin may be
heavily glycosylated. Second, polycystin exhibits
cell surface as well as basement membrane dis-
tributions, suggesting the presence of mem-

brane-associated and secreted forms of this pro-

tein. Third, one form of polycystin presumably
lacking the C-terminal cytoplasmic region is
present basolaterally in human and rat glomer-
ular visceral epithelium. Fourth, although ex-

pression of polycystin is increased in ADPKD
cyst-lining kidney epithelium, its subcellular lo-
calization is abnormal, being largely restricted to
the cell cytoplasm.

Evidence that the immunoreactivity of API
and AP2 represents the identification of polycys-
tin in rat and human tissues is based on the
following observations. First, affinity-purified
anti-peptide antibodies were used that recognize

specific polycystin-derived recombinant fusion
proteins (Fig. 1) and are directed against highly
conserved epitopes in human and rodent poly-
cystin. Both peptides also lie outside the region
that is homologous with the recently cloned
PKD2 protein (23). Second, both antibodies re-

acted with collecting duct epithelium and dem-
onstrated strong reactivity with cyst-lining
ADPKD epithelium, which agrees with previous
reports (13,24). Third, the collecting duct stain-
ing patterns clearly differed between developing
and mature renal tissues, consistent with other
data showing that expression of PKD1 is devel-
opmentally regulated (12,24). Fourth, the ob-
served immunoreactivity in tissues is also consis-
tent with one form of polycystin being membrane-
associated, with a readily accessible P1 peptide and
a presumed intracellular P2 peptide that is ex-

posed only after tissue denaturation.
In humans, but not in rodents, a major part

of PKD1 is duplicated, and the duplicated area

appears to encode three genes that share sub-
stantial homology with PKD1 (12,15). Each of
these genes produces a polyadenylated tran-
script, and all have conserved 3' regions that
differ from PKD1. The pattern of reactivity of
AP1, which recognizes a peptide encoded by the
duplicated segment of human PKD1, was strik-
ingly similar in both rat and human fetal kidney
tissues (Fig. 2, Lanes 6 and 7). One interpretation
of this finding is that the PKD1 homolog tran-

scripts are not translated into proteins in hu-
mans. Alternatively, the protein homologs may
be present in amounts too small to be detectable
or are expressed in other tissues not examined
here.

In rat and human fetal kidneys, polycystin
was abundantly expressed basolaterally and api-
cally in ureteric bud and collecting tubule epi-
thelia, and basolaterally in the visceral epithe-
lium of developing glomeruli (Fig. 3). It was
weakly expressed in glomerular parietal epithe-
lium. The prominent basolateral staining ob-
served in some sections (Fig. 3a) and in rat skin
(not shown) suggests that some component of
polycystin is released from the cell surface, as
shown in HT29 cells. In human adult kidneys,
polycystin was still detectable in glomeruli and
prominent in the intercalated cells of collecting
ducts. Strong expression of polycystin in fetal
renal tubular epithelium has also been found in
two recent studies (13,24). Ward et al. have used
two monoclonal antibodies (mAbs) raised against a
fusion protein to show that polycystin is ex-
pressed in epithelial cells of cortical tubules and
ureteric buds in human fetal kidneys, with some
staining of the parietal epithelium in Bowman's
capsule (13). Griffin et al. (24), using anti-pep-
tide antibodies from the putative cytoplasmic re-
gion, also found staining in fetal human renal
cortical tubular epithelium. Griffin et al., how-
ever, did not find staining in adult human kid-
ney, in contrast to the data by Ward et al., who
found that strong staining persisted in cortical
tubules of adult kidney. Our data show a signif-
icant reduction in tubular staining of adult hu-
man kidney, which is largely limited to the in-
tercalated cells. We find, in addition, that one
form of polycystin is expressed in fetal and adult
visceral glomerular epithelium. In our study, stain-
ing of the visceral epithelium was observed using
only API (recognizing an epitope in the ectodo-
main), not the cytoplasmic-directed antibody, AP2.
The differences observed could thus be a function
of the antibodies used. The two mAbs used by
Ward et al. and the two anti-peptide antibodies
utilized by Griffin et al. were raised against epitopes
contained in the C-terminal 1225 aa of polycystin,
and thus do not include the P1 epitope. The stain-
ing observed on the basal surface of the human
glomerular visceral epithelium is not likely to be
caused by reactivity of API with a polycystin ho-
mologue, since an identical staining pattern was
also observed in the rat. The presence of a 109-kD
form of polycystin in the matrix deposited by HT29
cells suggests that one form of polycystin may be
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associated with basement membranes. While the
detection of polycystin in cortical tubules provides
a histologic basis for the early involvement of cor-
tical tubules in ADPKD, the significance of polycys-
tin expression in glomeruli is unclear at present,
since primary glomerular abnormalities are gener-
ally lacking in ADPKD. Griffin et al. (24) also ob-
served strong staining of human fetal cells from
neural crest origin, although defects in the respec-
tive organs (adrenal medulla, intestinal neural
plexuses) are not recognized features of ADPKD1.
Adaptive changes may help compensate for the
deficiency of polycystin in certain tissues.

In normal fetal and adult collecting ducts,
polycystin displayed a cell surface-associated dis-
tribution (Fig. 3), consistent with its predicted
membrane-spanning regions (14,15). In devel-
oping rat kidney, intense staining was observed
basolaterally in ureteric buds, whereas apical
staining of this tissue was predominant in hu-
man fetal kidney. This difference may reflect spe-
cies differences and/or redistribution of the anti-
gen secondary to the unavoidable delay in
processing of human fetal tissue. The primary
sequence of polycystin reveals several domains
known to mediate cell-cell and cell matrix adhe-
sion in other proteins. The basolateral distribu-
tion of polycystin in normal collecting duct epi-
thelium supports a putative cell-matrix adhesion
function(s) for this protein in epithelia. Its apical
distribution does not exclude a role for polycys-
tin in adhesion, since some adhesion proteins
may be expressed apically in epithelia under cer-
tain conditions (25-27). Polycystin may also
serve a transport function in apical membranes, a
role suggested recently by the significant homol-
ogy of the C-terminal region of polycystin to the
PKD2 protein and to a voltage-activated sodium
channel (23). These putative functions are prob-
ably not essential for epithelial development,
since formation of kidneys is initially normal in
ADPKD, but may be essential in the maintenance
and remodeling of already formed epithelium.

Expression of polycystin was increased in the
epithelial lining of renal cysts in ADPKD. This
observation agrees with that recently reported by
Ward et al. and Griffin et al. (13,24) in patients
with ADPKD 1 (but not ADPKD2 or acquired re-
nal cystic disease). Significantly, we found that
polycystin was largely cytoplasmic in the epi-
thelial lining of cysts (Fig. 4), in contrast to its
predominantly surface membrane-associated
localization in normal fetal and adult kidney
epithelium (Fig. 3). Ward et al. has shown that
in ADPKD increased quantities of the wild-type

as well as the mutant alleles are expressed (13).
The minimal surface expression of polycystin in
ADPKrD cyst-lining epithelium suggests, therefore,
that the normal allele is unable to reach the cell
surface in sufficient amounts to mediate its func-
tions. Functional loss of polycystin from the cell
surface may therefore be a likely mechanism by
which mutations in the PKD1 gene cause dis-
ease, at least in some patients. Formation of a
nonfunctional complex between the wild-type
and mutant alleles may be one mechanism for
deficient surface expression. The cyst-lining epi-
thelium in ADPKD expresses embryonic genes
and proteins. It also displays a reversed polarity
of several of its membrane proteins and a delay
in the exit of some surface components from the
Golgi (18,28). These alterations may involve in-
teractions of the mutant polycystin with as yet
uncharacterized intracellular proteins.
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