
Apical Plasma Membrane Mispolarization of
NaK-ATPase in Polycystic Kidney Disease Epithelia
Is Associated with Aberrant Expression of the
b2 Isoform

Patricia D. Wilson,* Olivier Devuyst,* Xiaohong Li,*
Laura Gatti,* Doris Falkenstein,*
Shawn Robinson,† Douglas Fambrough,‡ and
Christopher R. Burrow*
From the Department of Medicine,* Mount Sinai School of

Medicine, New York, New York; the Division of Cardiology,†

University of Maryland School of Medicine, Baltimore, Maryland;

and the Department of Biology,‡ The Johns Hopkins University,

Baltimore, Maryland

Autosomal dominant polycystic kidney disease
(ADPKD) is a common genetic disease of the kidney,
characterized by cystic enlargement of renal tubules,
aberrant epithelial proliferation, and ion and fluid
secretion into the lumen. Previous studies have
shown abnormalities in polarization of membrane
proteins, including mislocalization of the NaK-ATPase
to the apical plasma membranes of cystic epithelia.
Apically located NaK-ATPase has previously been
shown to be fully functional in vivo and in mem-
brane-grown ADPKD epithelial cells in vitro , where
basal-to-apical 22Na transport was inhibited by appli-
cation of ouabain to the apical membrane compart-
ment. Studies were conducted with polymerase chain
reaction-generated specific riboprobes and poly-
clonal peptide antibodies against human sequences of
a1, a3, b1, and b2 subunits of NaK-ATPase. High
levels of expression of a1 and b1 messenger RNA
were detected in ADPKD and age-matched normal
adult kidneys in vivo , whereas b2 messenger RNA was
detected only in ADPKD kidneys. Western blot analy-
sis and immunocytochemical studies showed that, in
normal adult kidneys, peptide subunit-specific anti-
bodies against a1 and b1 localized to the basolateral
membranes of normal renal tubules, predominantly
thick ascending limbs of Henle’s loop. In ADPKD kid-
neys, a1 and b2 subunits were localized to the apical
epithelial cell membranes, whereas b1 was distrib-
uted throughout the cytoplasm and predominantly in
the endoplasmic reticulum, but was not seen associ-
ated with cystic epithelial cell membranes or in cell
membrane fractions. Polarizing, renal-derived epi-
thelial Madin Darby canine kidney cells, stably ex-
pressing normal or N-terminally truncated chicken

b1 subunits, showed selective accumulation in the
basolateral Madin Darby canine kidney cell surface,
whereas c-myc epitope-tagged chicken b2 or human
b2 subunits accumulated selectively in the apical cell
surface. Similarly, human ADPKD epithelial cell lines,
which endogenously expressed a1 and b2 NaK-ATPase
subunits, showed colocalization at the apical cell sur-
face and coassociation by immunoprecipitation analy-
sis. These results are consistent with a model in which
the additional transcription and translation of the b2
subunit of NaK-ATPase may result in the apical mislo-
calization of NaK-ATPase in ADPKD cystic epithelia.
(Am J Pathol 2000, 156:253–268)

Autosomal dominant polycystic kidney disease (ADPKD)
is the most common lethal genetic disease inherited as a
dominant trait in humans, with a prevalence of 1:1000
recently shown to be associated with mutations in the
PKD1 or PKD2 genes in 85% and 10% of cases, respec-
tively.1–4 ADPKD is characterized by massive cystic en-
largement of renal tubules as a result of increased epithelial
cell proliferation, aberrant fluid secretion, mispolarization of
several membrane proteins, and extracellular matrix ab-
normalities.5–8 Despite the recent cloning of the complete
complementary DNAs (cDNAs) for PKD1 and PKD2, the
function of the predicted encoded proteins remains ob-
scure.9,10 However, studies showing similarities between
the expression and plasma membrane distribution of sev-
eral proteins in ADPKD and fetal epithelia have sug-
gested a potential role for the PKD1 protein (polycystin 1)
in the regulation of renal development, epithelial polar-
ization and differentiation, and matrix adhesion.11–13 This
is further supported by recent studies showing expres-
sion of high levels of PKD1–encoded messenger RNA
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(mRNA) and protein in the ureteric bud structures of the
developing kidney.14,15

The kidney is an organ that functions to reabsorb es-
sential fluid and ions, and this is facilitated by the strictly
polarized distribution of numerous transporters, en-
zymes, and antigens distributed along the 10 distinct
segments of the nephron in an epithelial cell type-specific
fashion. The polarization of membrane proteins is a crit-
ical component in the differentiation of renal tubule epi-
thelial cells and is largely established in the human met-
anephric kidney before birth.

NaK-ATPase is an important, complex membrane pro-
tein of all cells including polarized renal epithelial cells. It
exchanges sodium for potassium and functions as the
ubiquitous electrogenic sodium pump in all animal cells
and is responsible for the active transport of sodium ions
out of cells. NaK-ATPase is very highly expressed in renal
tubule epithelia, where it is restricted to the basolateral
plasma membranes. This segregated distribution is
associated with vectorial (apical-to-basal) transport of
sodium and is a critical feature in the generation of
sodium ion gradients, which in turn regulate other Na-
coupled ion movements as well as osmotic fluid reab-
sorption. A major and pathophysiologically significant
abnormality in ADPKD cystic epithelia is the mispolariza-
tion of a fully functional NaK-ATPase to the apical mem-
branes of cyst epithelia. This in turn is associated with
basal-to-apical sodium ion transport leading to luminal
fluid accumulation.8,12,16 Some but not all other mem-
brane and membrane-associated proteins show aberrant
polarization in ADPKD cystic epithelia, including the epi-
dermal growth factor receptor (EGFR), calpactin, ankyrin,
fodrin, and E-cadherin.5,6

In its mature form, NaK-ATPase is a heterodimeric,
complex, integral membrane protein composed of two a
and two b subunits. NaK-ATPase a subunits are mul-
timembrane-spanning, nonglycosylated proteins of 98 to
100 kd, and they contain the catalytically significant
phosphorylation, ATP, and ouabain-binding sites. NaK-
ATPase b subunits, by contrast, span the membrane only
once, are variably glycosylated on their exterior aspect,
accordingly range in molecular mass from 35 kd to 55 kd,
and are absolutely required for the functioning of the
assembled NaK-ATPase complex. At least three different
isoforms of NaK-ATPase a subunits (a1, a2, a3) and
three of NaK-ATPase b subunits (b1, b2, b3) have been
cloned from a variety of species, organs, and develop-
mental stages.17–21 Although the functional implications
of these different isoforms remain obscure, the a1 and b1
subunits are the most ubiquitous and are characteristic of
normal kidneys, whereas a3 expression is characteristic
in brain, and a2 and a3 are frequently expressed in fetal
tissues.22,23 Of particular interest, the NaK-ATPase b2
(b-adhesion molecule on glia) subunit is not only tissue
restricted and developmentally regulated with high levels
in human fetal liver and rat brain but it also functions as a
neural adhesion molecule on glia and promotes neurite
outgrowth, suggesting a role in normal differentiation of
neurons in vivo.24–27

The specific mechanisms underlying the sorting and
polarized delivery of NaK-ATPase in renal epithelia are

not fully understood. Early studies suggested direct tar-
geting of NaK-ATPase to basolateral membranes of a
polarized renal epithelial cell line, Madin Darby canine
kidney (MDCK) cells, whereas others implicated indirect
targeting followed by stabilization with the insoluble com-
ponents of the membrane cytoskeleton, ankyrin, and fo-
drin.28,29 More recent studies implicate both specific ba-
solateral sorting signals in targeting of NaK-ATPase, the
lipid environment in the trans-Golgi network, and com-
plex formation with ankyrin, fodrin, and E-cadherin at the
membrane.30–32

In the kidney epithelial cell line LLC-PK1, the N-terminal
region has been implicated in sorting of HK-ATPase or
NaK-ATPase,33 but interactions between the b subunits
and a region in the C terminal of NaK-ATPase are also
necessary for targeting.34,35 Further studies show that
proteins or protein complexes may contain multiple sort-
ing determinants (eg, 36).

The current studies have been undertaken to examine
the mechanisms underlying the important mispolarization
of NaK-ATPase in ADPKD epithelia. Our previous studies
suggested that NaK-ATPase is specifically mistargeted
to the apical plasma membranes of cystic epithelia in
human ADPKD, that it is fully catalytically active and
binds 125I-labeled ouabain, and that the mispolarization
leads to basal-to-apical net transport of Na1 ions in mem-
brane-grown ADPKD epithelia in vitro.8,12 In this study we
examine NaK-ATPase isoform expression and distribu-
tion in vivo and in vitro and suggest that revertant or
persistent expression of the fetal kidney b2 isoform is a
potentially important mechanism for the apical mispolar-
ization in ADPKD.

Materials and Methods

ADPKD kidneys and age-matched normal human kid-
neys were procured under sterile conditions, flushed with
neutral salts solution (Collins or University of Wisconsin
Solution), clamped, and stored in salts solution over ice
for a maximum of 24 hours before primary culture. Par-
allel samples were frozen immediately in liquid nitrogen
and stored at 280°C until use. ADPKD kidneys were
designated as either end stage or early stage. End-stage
kidneys (n 5 12) contained no normal renal tubules, were
greatly enlarged with multiple cysts, and were procured
surgically during nephrectomies caused by the loss of
renal function. Early-stage ADPKD kidneys (n 5 6) con-
tained both normal and cystic tubules, functioned without
requirement for dialysis or transplant, and were procured
from pretransplant cadavers. Normal kidneys (n 5 18)
were age-matched to the ADPKD samples (28–55 years)
and were procured from transplant-prepared cadavers
without warm ischemia. Additional samples of fetal kid-
neys (16–19-week gestation), collected in a similar man-
ner, were used for control studies. All tissue samples
were divided into three portions and used for microdis-
section and tissue culture and protein or RNA extraction,
or they were fixed for pathology, immunostaining, or in
situ hybridization, using 4% paraformaldehyde in diethyl
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pyrocarbonate–treated phosphate-buffered saline (PBS)
at 4°C for 4 hours.

Cell Culture

Primary monolayer cultures of renal tubule segment-spe-
cific and ADPKD cyst epithelia were derived from normal
adult proximal tubules, thick ascending limb of Henle,
and collecting tubules and from ADPKD cyst-lining epi-
thelia as previously described.37–39 Cells were grown in
segment-selective media in 25 cm2 flasks coated with
type I (rat tail) collagen (Collaborative Research, Lexing-
ton, MA), dissociated with collagenase (Life Technolo-
gies, Inc., Grand Island, NY), and seeded at confluent
density on translucent permeable membrane supports
(Transwel-COL, Costar, Cambridge, MA). For immunocy-
tochemistry, confluent cell cultures on membranes were
washed with PBS at 4°C for 3 minutes, fixed for 5 minutes
in 4% paraformaldehyde in PBS, pH 7.4 at 4°C, and
washed three times for 3 minutes each in cold PBS before
immunostaining.

Cells and Transfections

MDCK cells were obtained from the American Type Cul-
ture Collection (Gaithersburg, MD), and a subclone, A4,
was used to generate MDCK stable cell lines. Standard
growth medium consisted of high-glucose Dulbecco’s
modified essential medium supplemented with 10% fetal
bovine serum and 50 mg/ml gentamicin.

For use in transfection, cDNAs were cloned into ex-
pression plasmid pCB6. cDNAs encoding chicken NaK-
ATPase a1 and b2 subunits have been described.40,41

The chicken b2 subunit cDNA was modified to encode a
c-myc epitope11 at the b2 subunit C terminus, which is in
the bsubunit ectodomain. DNA encoding the human
NaK-ATPase b2 subunit was cloned from a human retinal
cDNA library in l gt10, kindly provided by Jeremy
Nathans (The Johns Hopkins University School of Medi-
cine, Baltimore, MD). A probe for the human b2 subunit
cDNA clones was generated by polymerase chain reac-
tion (PCR), using primers based on the nucleotide se-
quence encoding the human b2 subunit.33 This probe
was used to isolate a full-length clone (;1.5 kb) from the
library. Identity of the clone was confirmed by nucleotide
sequencing. The 59 end of the clone began 80 bp up-
stream from the reported nucleotide sequence of human
b2 subunit cDNA (GenBank accession number M81181)
and ended in the 39 untranslated region.

MDCK cells were transfected in 60-mm tissue culture
dishes. Lipofectin (Life Technologies) was used to intro-
duce the plasmids into the MDCK cells. Clones of cells
resistant to G418 (400 mg/ml) were isolated and
screened for expression of exogenous NaK-ATPase b
subunits. For screening, the cells were plated on cover
slips at high density and induced for 48 h in 10 mmol/L
butyrate. Induced cells were then screened for expres-
sion of the exogenous b subunit by immunofluorescence
microscopy.

Immunocytochemistry

For light microscopy, paraffin-embedded tissue sections
on glass slides were first dewaxed and rehydrated
through a graded series of ethanols. Cells and tissues
were then incubated in 0.3% H2O2 in methanol to block
endogenous peroxidase activity, followed by incubation
with 10% normal goat serum in PBS for 20 minutes at
room temperature in a humidified atmosphere. Cells and
sections were incubated for 45 minutes at room temper-
ature in a humidified chamber with the following primary
antibodies: polyclonal anti-NaK-ATPase a subunit raised
in rabbits against the whole molecule purified from dog,
by courtesy of WJ Nelson; and antichicken NaK-ATPase
a subunit monoclonal antibodies (mAbs) (a5; 2F, F12
available through the Development Studies Hybridoma
Bank, Iowa City, IA); or polyclonal anti-a1 (#1300), a3
(#1301), b1 (#1303), and b2 (#1305) raised in rabbits
against isozyme-specific peptides and affinity purified on
a peptide column (Immuno Dynamics, La Jolla, CA). All
anti-a1 antibodies recognized a single 98-kd band and
showed identical staining patterns in immunocytochem-
istry of kidney tissues. Primary antibodies were diluted in
PBS containing 2% bovine serum albumin (BSA) (1:100–
1:500), washed three times in PBS-Tween 20 (0.02%),
incubated for 45 minutes with biotinylated goat anti-rabbit
immunoglobulin G (IgG; Vector Laboratories, Burlin-
game, CA), washed twice for 5 minutes each in PBS-
Tween and once for 5 minutes in PBS, incubated for 45
minutes with avidin-biotin peroxidase (Vectastain Elite,
Vector Laboratories), and washed for 5 minutes in PBS,
followed by two washes of 5 minutes each in Tris-buff-
ered saline. Color development was carried out for 10 to
45 minutes, using aminoethylcarbazole as substrate.
Sections and cells were mounted in Aquamount (Poly-
sciences, Niles, IL) and viewed under a Nikon FXA-
Microphot equipped with Nomarski optics.

For electron microscopy and enzyme and immuno-
cytochemistry, tissue sections and cells grown on
membranes were fixed with 2% paraformaldehyde or 1%
glutaraldehyde in PBS and incubated either for immuno-
peroxidase localization of antigens or in reaction media
for localization of NaK-ATPase enzymatic reaction prod-
ucts after postcoupling with lead.42 Pre-embedding im-
munoperoxidase reactions were carried out by 1) incu-
bation for 45 minutes at room temperature in 1:50 to
1:500 dilutions of a1, b1, and b2 peptide antibodies in
PBS with BSA; 2) washing in three changes of PBS for 5
minutes each at 4°C followed by 45 minutes at room
temperature in peroxidase-conjugated anti-rabbit IgG; 3)
two washes of 5 minutes each at 4°C in PBS and one
wash in Tris-buffered saline; and 4) incubation in diami-
nobenzidine to allow visualization of the electron-dense
peroxidase reaction product. Tissue sections and cells
on membranes were then dehydrated and embedded in
Araldite (Taab) resin, ultrathin sections were cut on an
ultramicrotome (Sorvall), and sections were viewed, with
and without uranyl acetate counterstain, using a JEOL
electron microscope.
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Immunofluorescence Microscopy

For immunofluorescence microscopy, cells were first
fixed in a 2% formaldehyde solution in PBS. Antibodies
were diluted to 5 mg/ml in a Hanks’ balanced salt solution
containing 2% horse serum and 20 mM Tris-Cl, pH 7.5.
For basolateral labeling of polarized MDCK cells, 0.25%
saponin was added to permeabilize the surface mem-
brane. Apical membrane labeling was performed in the
absence of saponin. Three primary antibodies were
used: mAb 9E10 to the c-myc epitope43 that was engi-
neered to be a C-terminal epitope on the chicken NaK-
ATPase b2 subunit, mAb b24 to the chicken NaK-ATPase
b1 subunit,44 and the polyclonal antipeptide antibody
(#1305) to the human NaK-ATPase b2 subunit. All three
antibodies recognized extracellular epitopes on their tar-
get b subunits. Primary antibody solution was applied to
fixed cells for one hour at room temperature. Cells were
rinsed and then incubated in an fluorescein isothiocya-
nate-labeled secondary antibody (goat anti-mouse IgG
or goat anti-rabbit IgG; Kirkegaard and Perry, Gaithers-
burg, MD). Cells were viewed and photographed with a
Zeiss Axioskop epifluorescence microscope and Kodak
Tmax 400 film. An additional set of MDCK cells stably
transfected with b2, as well as ADPKD epithelial cells,
was subjected to double labeling with anti-a1 mAb and
anti-b2 peptide antibody, and then the labeled MDCK
cells were visualized by goat-anti-rabbit-fluorescein iso-
thiocyanate and anti-mouse Texas red.

Western Immunoblot Analysis and
Immunoprecipitation

Membrane extracts were prepared from ADPKD and nor-
mal kidneys by the method of Jorgensen.45 After washing
in ice-cold PBS, pH 7.4, the kidneys were finely minced in
ice-cold homogenization buffer (300 mmol/L sucrose, 25
mmol/L Hepes, made to pH 7.0 with 1 mol/L Tris) con-
taining the protease inhibitors 1 mmol/L 4-(2-aminoethyl)-
benzenesulfonyl fluoride (Boehringer Mannheim, India-
napolis, IN), 1 mmol/L benzamidine (Sigma Chemical
Co., St Louis, MO), 10 mg/ml leupeptin (Boehringer), 1
mg/ml pepstatin A (Boehringer), 1 mg/ml aprotinin (Boeh-
ringer), and 1 mg/ml chymostatin (Boehringer) and then
homogenization was carried out in the cold, using a
Potter apparatus. The homogenate was centrifuged at
1000 3 g for 20 min at 4°C to remove nuclei and cell
debris. The supernatant was further centrifuged at
80,000 3 g for 30 min at 4°C. The pellet (whole-cell
membranes) was suspended in the ice-cold homogeni-
zation buffer, and protein concentrations were deter-
mined with the bicinchoninic protein assay (Pierce, Rock-
ford, IL), using BSA as standard. In some experiments,
the pellet was then resuspended in ice-cold detergent
extraction buffer (20 mmol/L Tris-HCl, 120 mmol/L NaCl,
2 mmol/L ethylenediaminetetraacetic acid (EDTA), 2 eth-
ylene glycol bis(b-aminoethyl ether)-N,N,N9,N9,-tetraace-
tic acid, 0.1 mmol/L dithiothreitol, pH 7.4) containing the
protease inhibitors described above, incubated for 15
min on ice with one of the following detergents: 1% oc-

tylglucoside (Pierce), 0.5% 3-[(3-cholamidopropyl)di-
methylammonio]-1-propanesulfonate (CHAPS; Pierce),
1% Nonidet P-40 (NP-40) (Boehringer), 1% deoxycholate
(Boehringer), 0.5% digitonin (Boehringer), or 0.5% Triton
X-100 (Boehringer), and then centrifuged at 100,000 3 g
for 1 hour at 4°C. Protein concentrations were determined
on the supernatant, which contained the solubilized
membrane proteins. The extracts were used immediately
or flash-frozen in liquid nitrogen and stored at 280°C until
further use.

Cell lysates from primary monolayer cultures were also
used. After aspiration of the culture media, monolayers
were washed for 5 minutes with PBS (pH 7.4) at room
temperature, scraped, and centrifuged at 8000 3 g for 90
seconds. The cell pellet was then flash-frozen in liquid
nitrogen and stored at 280°C until use. Whole-cell ex-
tracts were prepared from frozen cell pellets resolubilized
in ice-cold lysis buffer (250 mmol/L sucrose, 1 mmol/L
EDTA, 20 mmol/L imidazole, pH 7.2) containing the pro-
tease inhibitors described above. After 30 minutes incu-
bation on ice, the suspension was briefly sonicated
(Branson sonifier 250) and then centrifuged at 14,000 3
g for 30 seconds at 4°C. The supernatant (200 ml) was
transferred into tubes containing 5 ml of 10% sodium
dodecyl sulfate (SDS) and heated at 95°C for 90 sec-
onds. After protein concentration determination, the sam-
ples were stored at 280°C until use.

For SDS-polyacrylamide gel electrophoresis (PAGE),
all extracts were solubilized by heating either at 95°C for
2 minutes or at 60°C for 12 minutes in sample buffer
(1.5% SDS, 10 mmol/L Tris/HCl, pH 6.8, 0.6% dithiothre-
itol, 6% (v/v) glycerol). Proteins (20 mg/lane) were sepa-
rated by electrophoresis through 0.1 3 9 3 6-cm 12%
acrylamide slabs and transferred to nitrocellulose. The
membranes were briefly stained with Ponceau Red (Sig-
ma) to check the efficiency of transfer. Destained mem-
branes were blocked for 30 minutes at room temperature
in blotting buffer (50 mmol/L NaPO4, 150 mmol/L NaCl,
0.05% Tween 20, pH 7.4) containing 5% nonfat dry milk,
followed by incubation with the primary antisera and af-
finity purified antibodies (anti-a1, anti-b1, or anti-b2 di-
luted to 1:1000, 1:5000 or 1:10,000) in the blotting buffer
containing 2% BSA at 4°C for 18 hours. In addition, a
polyclonal antibody against a full-length human b2 fusion
protein (26; generously supplied by P. Martin-Vassallo)
was used. The membranes were then washed in several
changes of blotting buffer, incubated for 1 hour with
peroxidase-labeled goat anti-rabbit IgG (Kirkegaard &
Perry), washed again, and visualized after 1 minute of
incubation with enhanced chemiluminescence (Amer-
sham, Arlington Heights, IL) at room temperature.

For immunoprecipitation, protein A/G PLUS Agarose
(30 ml) was added to 100 mg cell protein lysate in the
presence of NaK-ATPase mAb a5 or 2F and was incu-
bated for 1 hour at room temperature before centrifuga-
tion at 8000 rpm for 2 minutes. After three washes with
radioimmunoprecipitation assay buffer containing pro-
tease inhibitors (as above), the pellet was resuspended
in 23 electrophoresis sample buffer, boiled, and centri-
fuged at 8000 rpm for three minutes, and the supernatant
was subjected to SDS-PAGE.
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The specificity of the antibodies was demonstrated by
comparison with preimmune sera, by competition after
preadsorption with the appropriate peptide, and by affin-
ity purification. Additional controls were performed by
omitting primary antibodies.

Reverse Transcription-PCR Analysis

Total RNA was isolated from cells or tissues46 and stored
in 70% ethanol, 0.3 M sodium acetate at 280°C until
needed. An aliquot of RNA (0.2–1.0 mg) was solubilized
in 1 mmol/L Tris, pH 7.5, EDTA on ice, and the solution
was adjusted to 13 in reverse transcriptase buffer (50
mmol/L Tris-Cl, pH8, 3.75 mmol/L KCl, 3 mmol/L MgCl2;
Bethesda Research Laboratories, Bethesda, MD), 10
mmol/L dithiothreitol, 0.5 mmol/L each of dATP, dCTP,
dGTP, and dTTP, and 10,000 to 50,000 U/ml Maloney
murine leukemia virus (M-MLV) SuperScript reverse tran-
scriptase (Bethesda Research Labs), 100 mg/ml random
hexamer, 0.67 U/100 ml Inhibit-Ace (5 Prime-3 Prime,
Inc.). The RNA and reaction components without enzyme
were heated to 65°C for 3 minutes and placed at 37°C for
5 minutes. Enzyme was added and incubated at 37°C for
2 hours and purified by ultrafiltration through Centricon
100 filters three times with 2-ml washes of 10 mmol/L Tris,
pH 7.5, to a final volume of 50 ml. PCR was performed by
using 1 to 10 ml of purified sample with conditions appro-
priate for each primer pair (primer concentration 100–
1000 nmol/L). The following specific 18-nucleotide prim-
ers were designed for NaK-ATPase a1, a3, b1, and b2
isoforms and were positioned towards the 59 end of the
coding region, because the N-terminal regions of the
proteins are the most divergent28:
1) a1 sense, 59-GAT TAC AAC GGC TGA TAG-39;
2) a1 antisense, 59-TTG GAC GTG ATA AGT ATG-39;
3) a3 sense, 59-GAA AAG AAG GTG ATG TTC-39;
4) a3 antisense, 59-GAC AAG AAA GAT GAC AAG-39;
5) b1 sense, 59-TTC ATC TGG AAC TCA GAG-39;
6) b1 antisense, 59-TCA AGC TTG AAT CTG CAG-39;
7) b2 sense, 59-AGA CTG AGA ACC TTG ATG-39;
8) b2 antisense, 59-ATG CGA CAT TCT ACA TTC-39.

These primer pairs delineate PCR products of 411
(a1), 701 (a3), 419 (b1), and 527 (b2), bp respectively.
Thermostable DNA polymerase was Ampli-TAQ (Cetus
P-E) 19–25 U/ml in 20, mmol/L Tris (pH 8.3), and 35
mmol/L KCL, 10 mg/ml gelatin, 1.25 to 2.5 mmol/L MgCl2,
and 200 mmol/L each of dATP, dGTP, dCTP, and dTTP.
Annealings were carried out at 35°C to 55°C for 1 minute,
extension was at 72°C for 1 minute, and denaturation was
at 94°C for 45 seconds, carried out for 30–35 cycles.
Products were analyzed by 1.4 to 4.0% agarose gel with
ethidium bromide staining and were subcloned into
PBSIIKS-(Stratagene, La Jolla, CA). Human a1, a3, b1,
and b2 probes were sequenced to confirm insert orien-
tation and identity before use in subsequent RNase pro-
tection and in situ hybridization experiments.

RNase Protection Assay

CsCl gradient-purified plasmid DNA containing T3 and
T7 phage promoter sites flanking the cDNA insert was

digested with a restriction endonuclease selected to yield
an antisense riboprobe of 100 to 400 bp. After enzyme
digestion and DNA purification, 0.5 mg of the plasmid
template were transcribed in vitro with either T3 or T7 RNA
polymerase (2.5 U/ml) in 40 mmol/L Tris-Cl (pH 8.0), 25
mmol/L NaCl, 8 mmol/L MgCl2, 2 mmol/L spermidine-
(HCl3), 10 mmol/L dithiothreitol, 400 mmol/L ATP, 400
mmol/L CTP, 400 mmol/L GTP, 12.5 mmol/L a[32P]UTP
(400 Ci/mmol), 2 U/ml placental RNase inhibitor (Boehr-
inger) in a reaction volume of 20 ml for 30 minutes at 37°C
followed by a 15-minutes at 37°C incubation with 0.5 U/ml
RNase-free DNase (Boehringer). The riboprobes were
purified with phenol/CHCl3/isoamyl-OH extraction and
precipitated three times in 75% EtOH, 0.5 mol/L
NH4OAC. For hybridizations, 10 to 30 mg of total RNA (or
control transfer RNA) were resuspended in 40 mmol/L
Pipes (pH 6.4), 400 mmol/L NaCl, 1 mmol/L EDTA, 80%
formamide in the presence of 2 3 105 cpm of antisense
probe and 2 3 105 cpm of internal control 18S riboprobe
(Ambion) in 30 ml for 16 hours in a 45°C bath. Then 350
ml of 10 mmol/L Tris-Cl (pH 7.5), 300 mmol/L NaCl, 5
mmol/L EDTA containing 40 mg/ml RNase A (Boehringer),
and 0.2 mg/ml RNase T1 (Boehringer) were added to the
hybridization mixture and RNA digestion was performed
at 30°C min followed by proteinase-K digestion in 0.5%
SDS, phenol/CHCl3/isoamyl-OH extraction, and ethanol
precipitation. The assay products were fractionated us-
ing a 6% urea-polyacrylamide gel electrophoresis sys-
tem, and dried gels were examined by autoradiography
with an intensifying screen for 12 to 72 h.

In Situ Hybridization

Tissue sections mounted on silanized Probe-On Plus
slides (Fisher, Springfield, NJ) were deparaffinized, de-
hydrated, treated with proteinase K (1 mg/ml, 30 minutes
at 37°C), 0.1 mol/L triethanolamine, 0.25% acetic anhy-
dride, dehydrated, prehybridized for 3 hours at 42°C, and
then hybridized with digoxigenin-substituted probe over-
night. Stringency washes were carried out in decreasing
concentrations of standard saline citrate (optimized for
each probe) and incubated in anti-digoxigenin coupled
to alkaline phosphatase for 4 hours at room temperature.
Color development was carried out with NBT/Xphos
(Boehringer), and sections were viewed under a Nikon
FXA-Mikrophot with Nomarski optics. Endogenous alka-
line phosphatase was inhibited by levamisole (1 mmol/L).

Results

Mispolarization of NaK-ATPase in ADPKD
Epithelia in Vivo and in Vitro

Immunocytochemistry with polyclonal antibodies against
the NaK-ATPase a subunit detects clear basolateral dis-
tribution of reaction product in tissue sections of normal
human renal epithelia (Figure 1A)). As has been de-
scribed in other species, there is distinct heterogeneity of
intensity of staining that corresponds with differential ac-
tivities of NaK-ATPase in different segments of the
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nephron. The most intense staining was seen in thick
ascending limbs of Henle’s loop, whereas proximal tu-
bules and collecting ducts showed lesser intensities of
staining and thin limbs of Henle and glomeruli were neg-

ative. In cystic tubules from ADPKD kidneys, however,
virtually all immunodetectable staining for NaK-ATPase a
subunit is seen on the apical plasma membranes lining
expanded, fluid-filled lumens (Figure 1, B and C). This is
the case, even in the early stages of cystic expansion,
although at this stage some intracellular staining and
staining of secreted products in the lumen are also oc-
casionally detected (Figure 1B). Identical patterns of dis-
tribution were seen in normal and ADPKD kidneys with all
polyclonal and monoclonal anti-a1 antibodies described
in the Materials and Methods section above.

Our previous studies have also shown the same pat-
terns of distribution in vivo and in vitro, using enzyme
cytochemical techniques at the light and electron micro-
scope levels, consistent with enzymatically active NaK-
ATPase on the basolateral membranes of a normal hu-
man renal tubules and on the apical plasma membranes
of ADPKD cystic epithelia.8,12. In addition, 22NaCl tracer
studies in membrane-grown cultures have also shown
apical-to-basal transepithelial flux, inhibitable by basally
applied ouabain, in normal renal epithelial monolayers;
but net basal-to-apical flux, inhibitable by apically ap-
plied ouabain, in ADPKD epithelial monolayers.8,12 These
results attest to the functional significance of apically
mispolarized NaK-ATPase in ADPKD epithelia, in which
apical mislocalization is associated with the reversal of
net direction of Na1 ion transport.

Transcriptional Regulation of NaK-ATPase
Isoforms

Since NaK-ATPase is a heterodimer of a and b forms, a
PCR-based strategy was devised to identify NaK-ATPase
isoforms in normal and ADPKD kidney tissues.11,47 Spe-
cific primers were designed that would amplify a1, a3,
b1, and b2 isoforms of NaK-ATPase. NaK-ATPases a1
and b1 were amplified from both normal and ADPKD
kidney RNA by reverse transcription; b2 was amplified
from ADPKD RNA, whereas a3 was not detected from
either source. All PCR fragments were then isolated, se-
quenced to confirm their identity, and cloned into pBlue-
script; 32P-labeled riboprobes were made, and RNase
protection analysis was carried out (Figure 2). Tissue
RNAs (10 mg per lane) from age-matched normal and
ADPKD kidneys were examined for the expression of
a1-(411 bp), b1-(419 bp), and b2-(527 bp) protected
fragments and compared with that of constitutively ex-
pressed 18S ribosomal RNA (76 bp) (Figure 2A). As
predicted from previous Northern analysis,63 the a1 iso-
form of NaK-ATPase was highly expressed in all normal
and ADPKD kidneys (Figure 2B, lanes 3–8), but the high-
est expression was seen in early-stage ADPKD kidneys,
which is the most active stage of the disease for epithelial
proliferation, fluid secretion, and cystic expansion (Figure
2B, lanes 5–6). The pattern of b1 expression was identi-
cal to that of a1 (Figure 2B, lanes 11–16). A different
pattern of b2 mRNA expression was seen, however, in
that it was detected only in ADPKD kidneys, not in age-
matched normal kidney tissue (Figure 2C, cf. lanes 4–6
with lanes 2 and 3).

Figure 1. Light micrographs of immunocytochemical localization of NaK-
ATPase using polyclonal antibody against purified a-subunit protein in hu-
man kidney sections. a: Normal adult human kidney showing basolateral
staining in renal tubules (original magnification, 350). b: Early stage ADPKD
kidney showing apical plasma membrane localization in expanded micro-
cysts. Some cells also show intracellular staining (original magnification,
3120). c: Endstage ADPKD cysts showing apical plasma membrane local-
ization (original magnification, 350).
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The same set of antisense riboprobes were used for in
situ hybridization studies, except that, for this application,
they were digoxigenin substituted before analysis with an
alkaline phosphatase–antidigoxigenin-coupled antibody
technique. Tissue distribution of NaK-ATPase isoform
mRNA is shown in Figure 3. All reaction products, when
present, were restricted to epithelial cells. In normal kid-
neys, a1 and b1 isoforms were localized to the medullary
thick ascending limb epithelia (Figure 3, A and C),
whereas b2 was not seen in normal kidney tubule epithe-
lia (Figure 3E). By contrast, in ADPKD kidneys, not only
were the a1 and b1 isoforms localized to cyst-lining
epithelia (Figure 3, B and D), but intense staining for b2
was also seen and was also restricted to cystic epithelia
(Figure 3F).

NaK-ATPase Isoenzyme Expression and
Distribution

To relate these findings to protein expression, specific
peptide antibodies were designed against the human
NaK-ATPase a1, a3, b1, and b2 isozymes, which corre-
sponded precisely to the regions of the isoforms used for

specific riboprobe design. A schematic representation of
the positioning of these peptides used for antibody gen-
eration is given in Figure 4. In each case, the sequence of
choice was close or relatively close to the N terminal,
because these were the regions of the N terminal of
maximal sequence divergence between isoforms and
therefore those most suitable for the generation of spe-
cific and discriminatory probes.

Polyclonal antisera were raised against each peptide,
and their specificity and purity were determined by West-
ern blot analysis of membrane preparations. Human
NaK-ATPase a1 peptide antiserum recognized a single
band at 97 kd in total membrane preparations of normal
adult kidneys (Figure 5) and showed immunostaining
patterns identical to those seen with polyclonal antiserum
raised against dog and mAbs raised against chicken
(Figure 5B). The human b1 and b2 peptide antisera rec-
ognized more than one band, but peptide competitions,
comparisons with preimmune sera, and affinity purifica-
tion determined that b1 antibody was specific for a pro-
tein of 43 kd (Figure 6) and that the b2 antibody was
specific for a protein of 50 kd in normal adult and ADPKD
epithelia (Figure 7). The additional presence of higher-

Figure 2. RNase protection analysis of human NaK-ATPase a1, b1, and b2 subunits in normal adult human kidneys (NHK), early-stage ADPKD (EPKD), and end
stage ADPKD (ESPKD) kidneys. a: Riboprobe design. 32P-labeled riboprobes were synthesized from subcloned PCR products with specific primers for
NaK-ATPase isoforms specified in Figures 5 and 6 and for an 18S ribosomal RNA fragment, used as internal control to verify equal loading in lanes. b: NaK-ATPase
a1 and b1 expression in ADPKD and age-matched normal human kidneys. Lane M, size markers. Lanes 1 and 9: tRNA controls, showing no protectomers. Lane
2: unprotected, full-length a1 probe (496 bp). Lane 10: full-length b1 probe (411 bp). Protected fragments for a1 (496 bp) and b1 (419 bp) are seen in all samples.
c: NaK-ATPase b2 subunit expression in ADPKD and age-matched control kidneys. Lane M: size markers. Lane 1: unprotected, full-length b2 probe (612 bp).
Lane 8: tRNA control. Protected fragments are seen for b2 (527 bp) in ADPKD but are absent from normal human kidney.
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molecular-weight immunoreactive bands suggests that
glycosylated forms of b subunits exist in kidney as in
many other tissues. It is interesting that there seemed to
be a decrease in the higher glycosylated forms in ADPKD
samples and that, in human fetal kidneys, where the
NaK-b2 subunit is highly expressed, higher-molecular-
weight immunoreactive bands suggest that this protein is
differentially glycosylated during development (Figure
7B). During these studies it was noted that the mode of
membrane extraction was important; whereas SDS or
Nonidet P-40 extractions were sufficient for blotting a1
and b2 in membranes, CHAPS or octylglucoside mem-
brane extraction was necessary for blotting of b1. Also,
the narrow band width noted was consistent with a mini-
gel system and has been shown previously, possibly
reflecting the recognition of certain glycosylated forms
(48; A McDonough, personal communication). Immuno-
precipitation results suggest a core protein of 45 kd,

Figure 3. In situ hybridization analysis of NaK-ATPase isoform expression in
normal adult and ADPKD kidneys, using digoxigenin-labeled antisense ri-
boprobes. A: Normal human kidney a1 mRNA in tubule epithelia of medul-
lary thick ascending limbs of Henle’s loop (original magnification, 350). B:
End stage ADPKD kidney showing a1 mRNA in cystic epithelia (original
magnification 350). C: Normal kidney b1 mRNA in medullary thick-ascend-
ing-limb epithelia (original magnification, 3100). D: Early-stage ADPKD
kidney showing b1 mRNA in cystic epithelia (original magnification, 3100).
E: Normal kidney showing absence of b2 mRNA (original magnification,
350). F: End stage ADPKD kidney showing b2 mRNA in cystic epithelia
(original magnification, 350). G: Normal kidney incubated with control
sense probe (original magnification, 350). H: End-gate ADPKD kidney
incubated with control sense probe (original magnification, 350.

Figure 4. Schematic representation of NaK-ATPase showing topology of
peptide sequences selected for generation of rabbit polyclonal antibodies.

Figure 5. Western analysis using human NaK-ATPase a1 in normal and
ADPKD kidneys. A: Anti-human a1 peptide antibody. Lanes 1–3: Normal
adult kidney membranes. Lanes 4–6: ADPKD membranes. B: Comparison
of polyclonal anti-a1 peptide antibodies with mouse monoclonal antibodies
a5 and F12 in normal adult kidney extracts.
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which was present in ADPKD but not normal adult kidney
epithelia (Figure 7D).

Comparisons between normal adult and ADPKD
plasma membranes showed little quantitative difference
in the expression of a1 protein, although there was oc-
casional detection of a lower-molecular-weight band in
endstage ADPKD kidneys (Figure 5). By contrast, ex-
pression of b1 (43 kd), which was consistent in normal
human kidney membrane preparations extracted with oc-
tylglucoside or CHAPS, was absent from plasma mem-
brane preparations of endstage ADPKD kidneys and re-
duced in membrane preparations from early-stage
ADPKD kidneys (Figure 8). The reverse situation was
seen for b2, whose expression (50 kd) was consistently
detected in membrane fractions from both endstage and
early ADPKD kidneys, but was absent from normal adult
kidneys (Figure 9). Similar patterns of expression were
seen in cell cultures derived from normal and ADPKD
epithelia in that normal renal tubule epithelia expressed
membrane a1 and b1 isozymes in their plasma mem-
branes, whereas ADPKD epithelia expressed plasma
membranes a1 and b2.

Immunocytochemical analysis using the peptide anti-
bodies further clarified these findings. NaK-ATPase a1
peptide antibodies showed basolateral membrane local-
ization in normal renal thick-ascending-limb epithelia but
apical membrane localization in ADPKD cyst epithelia
(Figure 10, A and B), which is an identical finding to our
previous studies with polyclonal antibodies derived
against the whole protein (8; Figure 1). NaK-ATPase b1
and b2 immunostaining patterns, however, showed dis-
tinctive and different distribution patterns. As predicted,
the NaK-ATPase b1 antibody staining colocalized pre-
cisely with a1 subunit staining on basolateral plasma
membranes of normal human adult renal epithelia (Figure
10C). In ADPKD cyst-lining epithelia, however, although
staining was intense and widely distributed throughout
different cysts, the reaction product was diffusely distrib-
uted throughout the cell cytoplasm and apparently not
associated with plasma membranes (Figure 10D). This
result was in agreement with the RNase protection and
Western immunoblot data, which had suggested that the
b1 subunit was highly expressed in ADPKD, but not in
plasma membrane extracts. NaK-ATPase b2 immuno-
staining also correlated with RNase protection and West-
ern immunoblot analysis. Little if any b2 immunoreaction
above background was detectable in normal human re-
nal tubule epithelia (Figure 10E). By contrast, some
clearly membrane-associated reaction product was seen
in cyst-lining epithelia in ADPKD kidneys, and this mem-
brane reactivity was at the apical surface (Figure 10F).

These results therefore suggest that mispolarization of
the NaK-ATPase heterodimers is associated with inap-
propriate trafficking and/or lack of appropriate assembly
of the b1 subunit, as well as inappropriate expression of
the b2 subunit. Electron microscope immunocytochem-
istry confirmed the retention of the b1 subunit within the
cell cytoplasm of ADPKD cyst epithelia (Figure 11A) and
showed that the majority of the reaction product was
confined to linear profiles of the endoplasmic reticulum
(Figure 11B). This was contrasted with the localization of
a1 and b2 to the apical membrane and submembranous
vesicles (Figure 11, C and D).

Effects of Transfection of b2 Isoform into
MDCK Cells

As discussed above, the formation of cysts in polycystic
kidney disease correlates with misexpression of the b2
subunit of the NaK-ATPase and its appearance in the
apical surface of cyst cells. To determine whether the
NaK-ATPase b2 subunit shows any propensity for apical
targeting, we expressed both chicken and human NaK-
ATPase b2 subunits in the kidney-derived, polarizing,
epithelial MDCK cells. Stable MDCK cell lines were gen-
erated, expressing 1) chicken b1 subunits, 2) chicken b1
subunits lacking their N-terminal cytosolic domain,49 3)
c-myc epitope-tagged chicken b2 subunits, and 4) hu-
man b2 subunits. Cells of each line were plated at high
density on coverslips, treated with butyrate to induce
higher expression of the exogenous b subunit, and ex-
amined by immunofluorescence microscopy (Figure 12).

Figure 6. Characterization of NaK-ATPase b1-subunit antibody. A: Compar-
ison of anti-b1 antiserum (lanes 1 and 2), preimmune serum (lanes 3 and
4), and affinity purified b1 antibody (lanes 5 and 6) in normal human kidney
membrane preparations prepared with 1% octylglucoside (lanes 1, 3, 5) or
0.5% CHAPS (lanes 2, 4, 6). Note specific band at 43 kD. B: Immunopre-
cipitation of normal human kidney (lanes 1, 2, and 3) and ADPKD epithelial
whole-cell extracts with b1 subunit antibody followed by Western immunoblot
with b1 subunit antibody 1:5000. Note immunoprecipitated band at 43 kD.
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Both the normal and the N-terminally truncated chicken
b1 subunits accumulated selectively in the basolateral
surface of the polarized cells (Figure 12A). However, both
the epitope-tagged chicken b2 subunit and the human
b2 subunit accumulated selectively in the apical mem-
brane (Figure 12, B and D), and no accumulation at the
basolateral surface could be found in permeabilized cells
(Figure 12C).

Association of NaK-ATPase b2 with a1 in
Human ADPKD Epithelial Cell Lines

We then turned our attention to human kidney-derived
epithelial cell lines. Many human renal epithelial cell lines

derived from normal collecting tubules, and thick as-
cending limb epithelia show high-level expression and
basolateral polarization of NaK-ATPase a1 (Figure 13, A;
lanes 1 and 2, and B) and b1 subunits, but express little
if any b2 subunit (Figure 13C, lanes 1 and 2). By contrast,
primary and immortalized cell lines derived from human
ADPKD epithelia express a1 and b2 subunit proteins
(Figure 13, A and C, lanes 3 and 4), both of which are
apically located (Figures 11C and 13D). In addition to
colocalization in membrane fractions by Western blot and
by immunocytochemistry, physical association between
a1 and b2 subunits was demonstrated by immunopre-
cipitation analysis (Figure 13E). Also, double immunofluo-
rescence analysis of a1 and b2 subunits in showed com-
plete overlapping of images in a punctate and fusiform

Figure 7. Characterization of NaK-ATPase b2-subunit antibody. A: Comparison of anti-b2 antiserum (lane 1), preimmune serum (lane 2), and affinity-purified
b2 antibody (lane 3) in human fetal kidney membrane preparations prepared with 1% Nonidet P-40. Note specific band at 50 kD. B: Comparison of human anti-b2
peptide antibody and SPET antibody used for Western analysis of human fetal collecting tubule (HFCT) and ADPKD epithelial cell extracts. Note the differences
in glycosylation patterns. In ADPKD, the predominant band is 50 kD, whereas in fetal kidneys, higher-molecular-weight bands of phosphorylated forms are seen.
C: Immunoprecipitation of ADPKD epithelial whole-cell extracts with b2 subunit antibody followed by Western immunoblot with b2 subunit antibody 1:5000.
Note immunoprecipitated band at 50 kD. D: Immunoprecipitation of NaK-ATPase bB subunits in normal adult versus ADPKD kidneys. Only ADPKD contains an
immunoprecipitated b2 subunit core protein at 45 kD. Only the IgG can be seen in the NHK lane.

262 Wilson et al
AJP January 2000, Vol. 156, No. 1



distribution consistent with apical membrane localization
in ADPKD epithelia (Figure 13F).

A Model for NaK-ATPase Mispolarization in
ADPKD Epithelia

The results obtained suggest that the additional expres-
sion and synthesis of NaK-ATPase b2 subunit are asso-
ciated with the complex formation with a1, which then
exists the endoplasmic reticulum, is processed through
the Golgi, and is sorted, inappropriately, to the apical
membrane (Figure 14). It is interesting that b1 subunit
protein, although synthesized, does not appear to exit the
endoplasmic reticulum or assemble with a1 and, presum-
ably, gets degraded. This model implies that the a1b2
heterodimers are preferentially produced in comparison
with a1b1 heterodimers in cystic epithelial cells. The
cellular and molecular basis for this preference could
involve 1) selective b subunit folding, 2) selective ab2
subunit assembly, 3) selective b subunit retention in the
endoplasmic reticulum, and/or 4) differential interaction
with the protein-targeting machinery.

Discussion

Our previous results, as well as those in this report, show
that specific membrane proteins are missorted and tar-
geted to inappropriate membranes in ADPKD, leading to
mispolarization of epithelia with pathophysiological con-
sequences for proliferation and ion and fluid secretion.
Apical mispolarization of NaK-ATPase has also been
confirmed by other laboratories, in human autosomal re-

cessive polycystic kidney disease50; several genetic
models of autosomal recessive polycystic kidney dis-
ease, including the cpk, pcy, and other genetic models of
polycystic kidney disease and glucocorticoid-induced
polycystic kidney disease in mice,51–53 as well as in
zebrafish pronephric cystic mutants.54 Of great interest
for the putative role of polycystin-1 in focal adhesion
multiprotein complexes, tension knockout mice also show

Figure 8. Western analysis of b1 subunit content in membrane preparations
from normal adult (lanes 1–4), early-stage ADPKD (lanes 5 and 6), and
end-stage ADPKD (lanes 7 and 8). Note the presence of the specific 43-kD
band in normal kidney membranes, but little or none in ADPKD kidney
membranes.

Figure 9. Western analysis of b2 subunit in normal (lanes 1–3), early-stage
ADPKD (lanes 4 and 5), and end-stage ADPKD (lanes 6–8) kidney mem-
brane preparations. Specific (50 kD) bands were seen in membranes pre-
pared from ADPKD kidneys only.

Figure 10. Immunocytochemical localization of NaK-ATPase isotype-spe-
cific peptide antibodies in ADPKD and normal age-matched, adult human
kidneys. A: Normal human kidney a1 subunit protein localized to the
basolateral membrane domains of cortical thick ascending limbs of Henle’s
loop. B: ADPKD kidney showing a1 in apical membranes of cystic epithelia.
C: Normal kidney b1 subunit protein localized to the basolateral membranes
of cortical thick ascending limb epithelia. D: ADPKD kidney showing
b1 protein diffusely distributed throughout the cytoplasm of cystic epithelia.
E: Normal kidney showing absence of b2 subunit protein localization. F:
ADPKD kidney showing b2 subunit localization restricted to cystic epithelia
and associated with plasma membranes, much at the apical membrane. G:
Normal kidney incubated with preimmune serum. H: ADPKD kidney incu-
bated with preimmune serum. Scale bar, 50 mm.
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renal cyst formation and apically mislocalized NaK-
ATPase.55 It is apparent, however, that some genetic and
drug-induced renal cystic disease in rats is not accom-
panied by apical mislocalization of NaK-ATPase, and
removal of cysts or placing of ADPKD cells in culture or
collagen gels may not be conducive to maintenance of
the NaK-ATPase polarity in tissues in vivo.16,56 However,
it has been shown that growth of human ADPKD cyst-
lining epithelia on collagen-coated membrane supports
can express uniformly apical NaK-ATPase in vitro as they
do in vivo.8,12 A wide survey of membrane protein distri-
bution has determined that this polarity defect is highly
selective, because some membrane proteins, such as
alkaline phosphatase, aminopeptidase N, aquaporin 2,
and a6b1 integrin, retain their normal polarized (apical or
basal distribution), whereas others are mistargeted to
apical or basolateral membranes.6,12,15 Of equal impor-
tance, we have implicated inappropriate fetal gene ex-
pression as an important mechanism in ADPKD cyst
generation relevant to the failure to acquire proper polar-
ization of membrane transport proteins.11,12

Normal nephrogenesis results in a differentiated epi-
thelial cell phenotype, an essential feature of which is the
appropriate polarization of membrane proteins such as
the NaK-ATPase and EGF receptor. It is of considerable

interest that, at stages when polycystin-1 expression in
the fetal kidney is high, NaK-ATPase and EGFR are also
seen at the apical plasma membranes of renal epithelial
cells, whereas, when polycystin-1 expression is low in
adult kidneys, basolateral localization is seen.5,12,15 Most
importantly, the b2 subunit of NaK-ATPase is also ex-
pressed in fetal kidneys.6,12,47

Our initial studies of human ADPKD epithelia identified
a mistargeting and reversal of polarized membrane dis-
tribution of NaK-ATPase8 and subsequently of EGFRs5 to
the apical epithelial cell membranes of ADPKD epithelia
in vivo and in vitro. These modifications were shown to
have potentially detrimental physiological consequences
for normal renal function and growth, including reversal of
Na1 ion and fluid vectorial transport from an absorptive to
a secretory mode and the establishment of an autocrine
loop for EGF-driven proliferation.7,8,52,57

NaK-ATPase plays a major and essential role in the
establishment of the electrochemical and osmotic ion
gradients that direct vectorial transport of ions and fluid,
resulting in the reabsorption of fluid and essential nutri-
ents. In normal adult kidneys, the vectorial transport of
Na1 ions from the renal-tubule lumen (apical cell surface)
to the blood space (basal cell surface) is associated with
the segregation of NaK-ATPase complexes to the baso-

Figure 11. Electron immunocytochemical localization of NaK-ATPase subunits in ADPKD cyst-lining epithelial cells. A: NaK-ATPase b1 subunit immunostaining
in cytoplasmic (original magnification, 312,000). B: Higher-power image showing immunostaining associated with rough endoplasmic reticulum (original
magnification, 322,000). C: NaK-ATPase b2 subunit immunoreaction at apical plasma membrane and submembranous vesicles (original magnification, 38500).
D: NaK-ATPase a1 subunit immunoreaction at apical plasma membrane (original magnification, 38500). E: Lack of immunoreaction product after incubation with
preimmune serum (original magnification, 38500).
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lateral membrane domains. These complexes are a1b1
heterodimers in normal adult kidneys, the a subunit being
responsible for the catalytic functions of the complex,
whereas the b subunit is essential for active complex
assembly and trafficking to the plasma membrane. The
studies reported here, using specific polyclonal peptide
antibodies made against human subunit sequences,
confirm the presence of a1 and b1 subunits of NaK-
ATPase in the basolateral membrane domains of renal-
tubule epithelia. In normal human kidneys, there was no
detectable b2 subunit protein in these basolateral mem-

brane NaK-ATPase complexes. This was in sharp con-
trast to ADPKD kidneys, in which cystic epithelia showed
expression of not only a1 and b1 mRNA but also b2
subunit mRNA. It is of interest that this combination of
subunit expression has been reported previously, but in
the secretory, not absorptive epithelium of the choroid
plexus, where the NaK-ATPase is apically located.48

Immunocytochemical and Western analysis showed a
similar complement of a1, b1, and b2 protein products,
but b1 could not be detected in membrane fractions and
was localized to the cytoplasm by light and electron

Figure 12. Distribution of chicken and human NaK-ATPase b1 and b2 subunits expressed in MDCK cells. Immunofluorescence microscopy of polarized MDCK
cells grown on coverslips. A: Chicken b1-subunits lacking their N-terminal cytosolic domain, detected in saponin-permeabilized cells. Note chicken wire pattern
of labeling, indicative of basolateral distribution. Full-length b1 subunits show the same basolateral distribution. B: Human b2 subunits expressed on the apical
surface of polarized MDCK cells. C: Chicken b2 subunits, detected in the endoplasmic reticulum but not on the basolateral surfaces of saponin-permeabilized cells.
D: Chicken b2 subunits expressed on the apical surface. Scale bar, 10 mm.
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immunocytochemistry, predominantly to the endoplasmic
reticulum. By contrast, both a1 and b2 were detected in
the membrane fractions of ADPKD kidneys and, by im-
munocytochemistry, was localized to the apical plasma

membranes of ADPKD epithelia in vivo and in vitro. It is
interesting that the differences in patterns of glycosyla-
tion of b subunits between normal adult and ADPKD
kidneys might be related to alterations with impact on
processing and possibly trafficking, but further studies
are needed to elucidate such a relationship.

In vitro, the targeting of both human and chicken b2
subunits to the apical surface of MDCK cells was an
unequivocally robust observation. The b1 and b2 sub-
units share only about 40% amino acid sequence iden-
tity, even within a species. However, there is likely a much
higher conservation of tertiary structure, and it is known
that each of these b subunits is capable of assembly with
each of the three known NaK ATPase a-subunits.58–61

Determining what aspect of molecular structure is re-
sponsible for the divergent sites of accumulation of NaK-
ATPase b1 and b2 subunits in polarized epithelial cells
will require rigorous analysis.

Although the findings reported here do not prove a
causal relationship between b2 subunit expression and
apical targeting of NaK-ATPase molecules in polycystic
kidney cysts, the results do suggest a possible link be-
tween the genetic defect in polycystic kidney disease
and the reversal of cell polarity that involves altered ge-
netic expression. Work is in progress to examine whether
the mutant ADPKD gene product may cause a loss of
repression of fetal gene transcription, including the b2
subunit of NaK-ATPase, and to determine the molecular
basis of the abnormal apical targeting of a1b2 com-
plexes in ADPKD cystic epithelia.
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Figure 13. NaK-ATPase a1 and b2 subunit expression in human normal and
ADPKD renal epithelial cell lines. A and C: Immunoblot analysis of extracts
from normal (lanes 1 and 2) and ADPKD (lanes 3 and 4) cells showing a1
in both normal and ADPKD epithelia (A) and b2 in ADPKD epithelia (C). B
and D: Immunocytochemistry of NaK-ATPase a1 subunit in normal (B) and
ADPKD (D) confluent epithelial monolayers, showing a typical chicken-
wire, basolateral pattern of staining in normal renal thick-ascending-limb
epithelia (B); and punctate, apical staining in ADPKD epithelia (D). E:
Immunoprecipitation of NaK-ATPase a1 subunit (a5 mAb) from whole-cell
extracts of ADPKD epithelia, monitored by Western immunoblot analysis
with human b2 subunit antibody, 1:5000. Lane 1: a1 subunit immunopre-
cipitate blotted with a1 antibody. Lanes 2–4: a1 immunoprecipitates blotted
with b2 antibody. Lanes 2 and 3: ADPKD. Lanes 4 and 5, normal adult
kidney epithelia. F: Indirect immunofluorescence of double-labeled ADPKD
epithelial cells. Anti-a1 peptide coupled to Texas red; anti-b2 peptide im-
munoreactivity coupled to FITC, and merged image showing colocalization.

Figure 14. Model for apical mislocalization of NaK-ATPase heterodimers in
human ADPKD epithelia, proposing that a1b2 heterodimers assemble in the
endoplasmic reticulum, traverse the Golgi, and are sorted to the apical
plasma membrane, whereas b1 is retarded in the endoplasmic reticulum.
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