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Abstract. The expression of polycystin-1 in the vascular
smooth muscle cells (VSMC) of elastic and large distributive
arteries suggests that some vascular manifestations of autoso-
mal-dominant polycystic kidney disease (ADPKD) result di-
rectly from the genetic defect. Intracranial aneurysms have
been reported in PKD2, as well as in PKDI families. To
determine whether the vascular expression of polycystin-2 is
similar to that of polycystin-1, the expression of PKD2 mRNA
and protein in cultured pig aortic VSMC was studied and
immunofluorescence and immunohistochemistry were used to
study the localization of polycystin-2 in cultured pig aortic
VSMC, pig ascending thoracic aorta, and normal elastic and
intracranial arteries and intracranial aneurysms obtained at
autopsy from patients without or with ADPKD. Tissues de-
rived from Pkd2 wild-type and Pkd2 null mice were used to
confirm the specificity of the immunostaining for polycystin-2.
Northern blots of VSMC revealed the expected 5.3-kb band.
Western blotting detected a 110-kb band in a 100,000 X g
fraction of VSMC homogenates. Cultured VSMC as well as

VSMC between the elastic lamellae of pig thoracic aorta were
positive for polycystin-2 by immunofluorescence. The staining
pattern was cytoplasmic. Treatment of the cells before fixation
with Taxol, colchicine, or cytochalasin-D altered the pattern of
staining in a way suggesting alignment with the cytoskeleton.
The immunohistochemical staining for polycystin-2 was abol-
ished by extraction with 0.5% Triton X-100, indicating that
polycystin-2 is not associated with the cytoskeleton. Weak
immunoreactivity for polycystin-2, which was markedly en-
hanced by protease digestion, was detected in formaldehyde-
fixed normal human elastic and intracranial arteries. Immuno-
staining of variable intensity for polycystin-2, which was not
consistently enhanced by protease digestion, was seen in the
spindle-shaped cells of the wall of the intracranial aneurysms.
The similar expression of polycystin-1 and polycystin-2 in the
vascular smooth muscle is consistent with the proposed inter-
action of these proteins in a single pathway. These observa-
tions suggest a direct pathogenic role for PKD/ and PKD?2
mutations in the vascular complications of ADPKD.

Autosomal-dominant polycystic kidney disease (ADPKD) is a
genetically heterogeneous multisystem disorder (1). Mutations
in the PKDI and PKD?2 genes are thought to occur in approx-
imately 85 and 15% of patients, respectively, with clinically
recognized ADPKD (2). Vascular abnormalities, such as intra-
cranial arterial aneurysms and dolichoectasias and dissections
of the thoracic aorta and cervicocephalic arteries, are important
extrarenal manifestations of ADPKD (3-13). Intracranial an-
eurysms occur in type 2 ADPKD, as well as in type 1 ADPKD,
although the relative frequency of this complication in the two
genotypes is not known (14). The recent observations that
polycystin-1, the product of PKD1, is strongly expressed in the
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smooth muscle cells of normal elastic and large distributive
arteries and that its pattern of expression is altered in intracra-
nial aneurysms suggest that some vascular manifestations of
ADPKD result directly from the genetic defect (15). Here we
report that PKD2 mRNA and polycystin-2 are also expressed
in cultured aortic smooth muscle cells and that the pattern of
expression of polycystin-2 in normal adult elastic and large
distributive arteries and in intracranial aneurysms is similar to
that of polycystin-1. The similar expression of polycystin-1
and polycystin-2 in vascular smooth muscle is consistent with
the proposed interaction of these proteins in a single pathway
and with the occurrence of vascular abnormalities not only in
type 1 ADPKD but also in type 2 ADPKD.

Materials and Methods
Aortic Smooth Muscle Cell Cultures

Vascular smooth muscle cells (VSMC) were prepared from pig
aorta obtained under sterile conditions (16). The vessels of the aortic
arch were ligated, and the aorta was closed at one end. The blood cells
and endothelial cells were removed by repeated washing with Earle
balanced salt solution (EBSS) containing penicillin and gentamicin
and by two incubations with a collagenase solution (0.6 mg/ml) in



2 Journal of the American Society of Nephrology

EBSS for 15 and 30 min at 37°C. After the collagenase solution was
removed from the lumen, the aorta was open aseptically with a scalpel
and the layer of intima was carefully shaved off. The remaining tissue
was minced and resuspended in a small volume of Dulbecco’s mod-
ified Eagle’s medium/F12 media containing 10% fetal bovine serum,
and the explants were inoculated into 60-mm dishes with just enough
media to cover them. The tissues were refed with fresh media the day
after inoculation, one week later, and subsequently, every other day.
The cultures were maintained in Dulbecco’s modified Eagle’s medi-
um/F12 media containing 10% fetal bovine serum and used between
the third and fifth passages.

Renal Tubular Epithelial Cell Cultures and
Transfections

MMS55 K cells, a murine renal tubular epithelial cell line, and
LLC-PK1 cells, a porcine proximal tubular epithelial cell line, were
obtained from American Type Culture Collection. The MM55 K cells
were used for Northern analysis, whereas the LLC-PK1 cells were
transfected with a full-length PKD2 cDNA expression plasmid and
used as positive control in the Western blot experiments. Cells at 70%
confluence in 25-cm? flasks were transfected with 8 g of expression
plasmid using a calcium phosphate protocol (17-19). After 16 h, cells
were replated into 100-mm dishes and selection with G418 400 wg/ml
(Life Technologies, Inc., Gaithersburg, MD) was begun after 48 h in
culture. Approximately 3 wk later, resistant colonies were cultured
individually and tested for the expression of the full-length PKD2
protein.
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Figure I. Autoradiograph of Northern blots of mouse proximal tubule
epithelium (MM.55 K) and pig aortic smooth muscle (VSM) cell total
RNA hybridized with a **P-radiolabeled PKD2 mouse cDNA probe
showing a single 5.3-kb band.
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Tissue Specimens

Segments of normal pig thoracic aorta were dropped at surgery into a
bottle containing cold methyl butane and snap-frozen by immersion into
liquid nitrogen. Formaldehyde-fixed, paraffin-embedded specimens ob-
tained at autopsy were used for immunohistochemistry. Control abdom-
inal and thoracic aorta and cervicocephalic arteries were obtained from
patients who had autopsies after accidental deaths. Sections of intracra-
nial aneurysms were obtained from five patients with and five patients
without ADPKD who had tissue suitable for immunohistochemistry (15).
Formaldehyde-fixed, paraffin-embedded cardiac tissues were obtained
from E16 Pkd2 wild-type and Pkd2 null mice (20).

Northern Analysis

Total RNA was extracted from aortic smooth muscle cells using the
Quick Prep total RNA extraction kit (Pharmacia Biotech, Piscataway,
NJ). Twenty ug of total RNA were added to 15 ul of sample buffer
(20 ul of 10 X 3-(4-morpholino) propane sulfonic acid, 70 ul of 37%
formaldehyde, 200 ul of deionized formamide) and heated to 65°C for
15 min. The entire reaction mixture was loaded into a 1% agarose gel,
overlaid with 1 X 3-(4-morpholino) propane sulfonic acid buffer, and
run for 18 h at 20 to 25 V. After electrophoresis, the gel was soaked
in 20 X SSC and the RNA was transferred to a nylon membrane
overnight. After transfer, the membrane was rinsed in 2 X SSC and
baked in a vacuum for 2 h at 80°C. After prehybridization at 45°C for
4 to 20 h in prehybridization buffer (4.7 ml of 10 X SSPE, 5 ml of
formamide, 200 ul of 20% sodium dodecyl sulfate [SDS], 50 ul of
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Figure 2. Immunoblots of protein from 100,000 X g fraction of pig
aortic smooth muscle cell homogenates stained with YCB9 and YCC2
antiserum. A 110-kD band is seen with both antisera. Each lane
contained 6 ug of 100,000 X g pellet protein.
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Figure 3. (A) Immunoblots of protein from 100,000 X g fraction of
pig aortic smooth muscle cell homogenates stained with preimmune
serum, YCC2 antiserum, and YCB9 antiserum. A 110-kD band is seen
with both antisera but not with the preimmune serum. (B) The 110-kD
band was completely competed by the immunizing peptides C2 and
B9 but not by glutathione-S-transferase alone.

100 X Denhart’s denatured salmon sperm DNA at 100 wg/ml), the
membrane was hybridized for 18 h at 45°C in the same buffer
containing the random primer *?P-radiolabeled mouse PKD2 cDNA
probe or a glyceraldehyde phosphate dehydrogenase probe. The RNA
blots were washed with 2 X SSC containing 0.1% SDS for 15 min at
room temperature and with 0.2 X SSC containing 1% SDS for 60 min
at 55°C. The blots were exposed to x-ray film at —70°C for 20 min
using a Kodak intensifying screen (Rochester, NY).

Protein Immunoblotting

Aortic smooth muscle cells plated in T75 flasks were washed in
phosphate buffered saline (PBS), scraped, and suspended in ice-cold
250 mM sucrose/l mM ethyleneglycol-bis(3-aminoethyl ether)-N,N'-
tetraacetic acid/10 mM Hepes-KOH buffer (pH 7.5), containing apro-
tinin (90 uwg/ml), benzamidine (1 mM), leupeptin (4 ug/ml), phenyl-
methylsulfonyl fluoride (0.8 mM), and pepstatin (4 wg/ml). The cells
were disrupted with a motor-driven Teflon pestle homogenizer (25
strokes). The homogenates were centrifuged twice at 100 X g for 15
min at 4°C. The resulting supernatants were centrifuged at 100,000 X
g for 1 h at 4°C. The membrane pellets were solubilized in sample
buffer (125 mM Tris [pH 6.8], 200 mM dithiothreitol, 6% SDS, 20%
glycerol, and 0.2% bromophenol blue) and subjected to electrophore-
sis on 8% SDS-polyacrylamide gel electrophoresis gels without boil-
ing. Fractionated proteins were electrotransferred to Polyscreen poly-
vinylidene difluoride membranes (NEN Life Science Products, Inc.,
Boston, MA) and detected with the YCC2 (1:5000) or YCB9 (1:4000)
polyclonal antisera, using ECL enhanced chemiluminescence (NEN
Life Science Products). The production and characterization of these
antibodies, which were also used for the immunohistochemistry and
immunofluorescence studies (see below), have been described in
detail elsewhere (18,19).

Histology
Tissue specimens were stained by conventional hematoxylin and
eosin and by the Movat’s pentachrome stain. The latter, which serves
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to differentiate collagen (green/yellow), polysaccharide (blue), muscle
(red), elastic fibers (blue/black), and fibrin (intense red), was carried
out according to Russell’s modification (21).

Immunohistochemistry

Tissue sections and aortic smooth muscle cells cultured on Lab-Tek
slides, and preimmune sera, active and preadsorbed polycystin-2
antisera, purified polycystin-2 antibodies, rabbit polyclonal antibodies
against smooth muscle a-actin (Dako Corp., Carpinteria, CA) and
monoclonal mouse antibodies against protein disulfide isomerase
(PDI; Affinity BioReagents, Golden, CO) were used for these studies.
Tissue sections (4 um) were deparaffinized in saline, rehydrated in
graded ethanol series, and rinsed in tap water. Endogenous peroxidase
activity was blocked using 50% methanol/1.5% H,0,. After sections
were rinsed in tap water, they were placed in 75 ml of 10 mM citrate
buffer (pH 6.0), microwaved for 4 min, allowed to cool for 20 min,
and again rinsed in tap water. Sections were then treated with 5%
normal goat serum in PBS containing 0.05% Tween 20 for 10 min,
incubated at room temperature with the primary antibodies at 1:1000
dilution for 60 min, rinsed once more, and treated with 1:400 biotin-
ylated goat anti-rabbit antibodies (Dako), followed by 1:500 peroxi-
dase-labeled streptavidin (Dako) for 30 min at room temperature.
Sections were developed for 15 min by adding 0.1 M sodium acetate
(pH 5.2), containing aminoethyl carbazole and H,O,. Counterstaining
was carried out with hematoxylin, and coverslips were attached using
aqueous mounting media. Limited protease digestions were carried
out by applying solutions directly to tissue sections before microwave
heating. Proteases used were trypsin (Sigma), 50 mg/ml in PBS (pH
7.5) for 30 min at 37°C, and elastase (type IV; Sigma), 50 wg/ml in
PBS (pH 7.5) for 30 min at 37°C. The protocol followed to stain the
aortic VSMC grown in Lab-Tek slides was similar to that used to stain
the tissue sections without the deparaffinization and microwaving
steps. The cells were fixed in cold 10% formaldehyde for 15 min.
Limited protease digestions were not performed in the cultured cells.

Immunofluorescence Microscopy

Frozen sections of pig thoracic aorta were cut on a cryostat at 4 to
5 um, placed on glass slides, and washed three times in PBS. To
prevent nonspecific binding of antibodies, we incubated cells and
tissue sections for 30 min with 10% goat serum in PBS. Preimmune
sera or polyclonal rabbit antisera or affinity-purified antibodies
against polycystin-2 were diluted in 10% goat serum in PBS and
incubated with the cells for 30 min. After extensive washing with
PBS, the cells were incubated again for 30 min with fluorescein-
labeled secondary antibodies diluted in 10% goat serum in PBS.
Primary and secondary antibodies were used sequentially. The slides
were then washed with PBS and mounted with Vectashield mounting
medium (Vector Laboratories, Inc., Burlingame, CA), sealed with
clear nail varnish, and examined using a Zeiss laser scanning confocal
microscope and imaging software.

Results
Northern and Western Analyses

Autoradiographs of Northern blots of pig aortic smooth muscle
and mouse proximal tubular epithelial cell total RNA hybridized
with a **P-radiolabeled PKD2 mouse cDNA probe revealed a
single 5.3-kb band (Figure 1). Western blotting using either YCC2
or YCB9Y antibodies detected a 110-kD band in the 100,000 X g
fraction of aortic smooth muscle cell homogenates (Figure 2).
Bands of lower molecular weight were less consistently demon-
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Figure 4. Immunohistochemical staining of cultured pig aortic smooth muscle cells using smooth muscle a-actin antibodies (A), YCC2

antiserum (B), and preimmune serum (C). Magnification, X 100.

Figure 5. Immunohistochemical staining of cultured pig aortic smooth
muscle cells using YCC2 antiserum (A, B, C, D, F) and anti—protein
disulfide isomerase monoclonal antibodies (E). The cells in B, C, and
D were pretreated with Taxol (0.1 uM), colchicine (10 ug/ml), or
cytochalasin-D (5 ug/ml) for 6 h before fixation. The cells in F were
exposed to 0.5% triton X-100 extraction buffer for 10 min. Magnifi-
cation, X250.

strated, varied with the total amount of protein loaded, and were
deemed to be the result of proteolysis (Figures 2 and 3). The
110-kD band was not seen in Western blots stained with the
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Figure 6. Autoradiographs of Northern blots of pig aortic smooth
muscle cells hybridized with a **P-radiolabeled PKD2 mouse cDNA
and glyceraldehyde phosphate dehydrogenase probes. Before extrac-
tion, cells with treated for 6 h with colchicine (10 ug/ml), cytocha-
lasin-D (5 pg/ml), Taxol (0.1 uM), or no drugs.

preimmune sera (Figure 3A), and it was completely competed by
the immunizing fusion peptides but not by glutathione-S-trans-
ferase (GST) alone (Figure 3B).

Immunohistochemical Staining of Cultured Pig Aortic
Smooth Muscle Cells and Cell Treatments

Cultured aortic smooth muscle cells exhibited strong immu-
nohistochemical staining with polycystin-2 antisera and affin-
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Figure 7. Effect of elastase digestion on the immunohistochemical staining for polycystin-2 in a human control basilar artery (A through D)
and thoracic aorta (E, F). (A) Preimmune serum before elastase digestion. (B) Preimmune serum after elastase digestion. (C) YCC2 antiserum
before elastase digestion. (D) YCC2 antiserum after elastase digestion. (E) YCC2 antiserum before elastase digestion. (F) YCC2 antiserum after

elastase digestion. Magnification, X100.

ity-purified antibodies, as well as with smooth muscle a-actin
(Figure 4). No staining was observed with preimmune serum.
The staining with the antisera raised against the GST—polycys-
tin-2 fusion proteins was completely blocked by preadsorption
with the fusion proteins but was not affected by preadsorption
with GST. The pattern of staining observed with the active
antisera was fine granular and cytoplasmic.

To determine how cytoskeletal alterations would affect the
staining pattern for polycystin-2, we treated aortic smooth
muscle cells for 1 to 6 h with Taxol (0.1 uM), colchicine (10
ng/ml), or cytochalasin-D (5 ug/ml) before fixation and im-
munostaining (Figure 5). Treatment with Taxol for 6 h en-

hanced the granular pattern of staining with a linear distribu-
tion, possibly along microtubular bundles. Treatment with
colchicine caused a reduction in size and rounding of the cells
with loss of cell-cell contacts and redistribution of the poly-
cystin-2 immunostaining toward the perinuclear region. Treat-
ment with cytochalasin-D also caused a redistribution of poly-
cystin-2 immunostaining to the perinuclear region associated
with a reduction in the size of the cells, without loss of
cell—cell contacts. These observations indicated that polycys-
tin-2 might be associated to the cytoskeleton or localized in a
structure aligned with the cytoskeleton. Despite these marked
structural effects, treatment with Taxol, colchicine, and cy-
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Figure 8. Immunohistochemical staining for polycystin-2 of cardiac
tissue obtained from E16 Pkd2 wild-type (A) and Pkd2 null (B) mice,
using YCC2 antiserum. Note the positive staining of the cardiac
myocytes and vascular smooth muscle cells (VSMC) of a small
coronary in the wild-type mouse. No immunostaining was detected in
the Pkd2 null mouse. Magnification, X400.

tochalasin-D for 4 h did not have an effect on the levels of
PKD2 mRNA in aortic smooth muscle cells detectable by
Northern blotting (Figure 6).

To determine whether polycystin-2 is associated with the
cellular cytoskeleton, we exposed pig aortic vascular smooth
muscle cells to 0.5% Triton X-100 extraction buffer. This
nonionic detergent solubilizes cell membrane and cytosolic
proteins but leaves cytoskeletal proteins and proteins associ-
ated with the cytoskeleton in the monolayer. The cells were
then fixed and stained for polycystin-2. After Triton X-100
extraction, the cytoskeletons and nuclei remained attached to
the slide, but no staining for polycystin-2 was detected (Figure
5). This observation suggests that polycystin-2 is contained
within a structure aligned with rather than directly associated
with the cytoskeleton. The pattern of immunohistochemical
staining for PDI, an endoplasmic reticulum marker, was similar
to that observed for polycystin-2 (Figure 5).

Immunohistochemical Staining and
Immunofluorescence Microscopy of Control Human
and Porcine Arteries

Immunostaining for polycystin-2 was detected in all control
human arteries (thoracic aortic, internal carotid, vertebral, basi-
lar, posterior communicating, middle cerebral, and anterior
communicating arteries). Predigestion of tissue slices with a
highly purified preparation of elastase or with trypsin before
immunostaining caused disruption of the internal elastic lamina
and of the interlaminar elastic fibers evident on the Movat’s
stain (not shown, see reference 15). This was accompanied by
a marked enhancement in the staining for polycystin-2 (Figure
7). The cells staining for polycystin-2 were located in the
media and intima and were also positive for smooth muscle
a-actin. The pattern of staining was cytoplasmic. No staining
was observed with preimmune sera or with the antiserum
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Figure 9. Indirect immunofluorescence microscopy of pig thoracic
aorta using preimmune serum (A) and YCB9 antiserum (B). Note the
staining of the VSMC between the elastic lamellae with the YCB9
antiserum but not with the preimmune serum. The pattern of staining
is cytoplasmic. Magnification, X250.

raised against GST—polycystin-2 preabsorbed with the fusion
protein. Preabsorption with GST alone had no effect.

To confirm the specificity of the immunostaining for poly-
cystin-2, we stained cardiac tissues obtained from E16 Pkd2
wild-type and Pkd2 null mice with our antibodies. Positive
staining was detected only in the cardiac myocytes and in the
VSMC of the coronary arteries from the wild-type Pkd2 mice.
The cardiac myocytes and the VSMC of the Pkd2 null mice,
which do not contain polycystin-2, did not stain (Figure 8).

Strong staining for polycystin-2 was also detected in the
smooth muscle cells of pig thoracic aorta by immunofluores-
cence microscopy using the YCB9 and YCC?2 antisera. Immu-
nostaining was also observed with the affinity-purified anti-
bodies but not with the preimmune sera. The pattern of staining
was cytoplasmic (Figure 9).

Immunohistochemical Staining of Intracranial
Aneurysms

By conventional histology, all of the aneurysms selected for
this study from five ADPKD patients and five patients without
ADPKD had profound structural alterations of their arterial
wall with interruption of the internal elastic lamina and of the
tunica media at the neck of the aneurysm. The wall of the
aneurysm consisted of connective tissue without distinct layers
and contained spindle-shaped cells. The smooth muscle a-actin
antibodies stained strongly the smooth muscle cells in the
media of the parental arteries and to variable extent the spindle-
shaped cells in the wall of the aneurysms. Immunostaining of
variable intensity for polycystin-2 was seen in the spindle-
shaped cells in the wall of the aneurysm as well as in the
smooth muscle cells in the media of the parental arteries
(Figure 10). Preincubation with elastase did not alter the stain-
ing intensity in the wall of the aneurysms. The pattern of
polycystin-2 immunostaining in the aneurysms from patients
with and without ADPKD was not noticeably different.

Discussion
The studies presented here demonstrate that PKD2 mRNA
and polycystin-2 are strongly expressed in the smooth muscle
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Figure 10. Immunohistochemical staining for polycystin-2 in an intracranial aneurysm. (A) YCC2 antiserum before elastase digestion. (B)
YCC2 antiserum after elastase digestion; note disruption of the internal elastic lamina at the neck of the aneurysm (arrow). (C) Preimmune
serum. (D) YCC2 antiserum without elastase digestion; the arrowheads point to the internal elastic lamina. Magnifications: X100 in A and B;

X250 in C and D.

cells of elastic arteries. This observation is consistent with the
recent description of intracranial aneurysms in patients with
type 2 ADPKD (14) and favor the hypothesis that genetically
determined alterations in the expression of polycystin-2 are
directly responsible for the predisposition of some patients
with type 2 ADPKD to develop intracranial aneurysms and
possibly other vascular abnormalities.

Another finding of this study is that the pattern of expression
of polycystin-2 in normal elastic arteries and intracranial an-
eurysms is identical to that previously described for polycys-
tin-1 (15). This observation is not unexpected, because it has
been reported that polycystin-1 and polycystin-2 interact at
their carboxyl terminal portions, suggesting that they may be
interacting partners of a common pathway (22,23). Further
support for the hypothesis is provided by the recent observa-
tions that polycystin-1 is required for the structural integrity of
the blood vessels and that mouse embryo homozygous for a
mutant Pkdl or for a Pkd2 null allele exhibits a lethal pheno-
type characterized by diffuse vascular ruptures and hemorrhage
(20,24).

The enhancement of immunostaining for polycystin after
partial elastase or trypsin digestion in normal arteries of control
subjects without ADPKD was also observed for polycystin-1
(15). The significance of this observation is not certain, but it
may suggest that polycystin-1 and polycystin-2 are part of

supramolecular arrangements. In conventional formaldehyde-
paraffin sections, antigens may become masked because of the
formation of methylene bridges between reactive sites on the
same molecule or adjacent proteins (25). The masking of the
antigenic determinants may be particularly prominent for
densely packed proteins because their proximity facilitates
strong intermolecular cross-linkages (26). The significance of
the increased immunoreactivity for polycystin-2 and the lesser
susceptibility to protease digestion noted in the intracranial
aneurysms is also uncertain. Nevertheless, differential suscep-
tibility to protease digestion has been noted for other proteins
in other pathologic conditions (27).

Recently, we reported that in cultured untransfected or
PKD?2 transfected tubular epithelial cells, polycystin-2 is lo-
calized within the endoplasmic reticulum and perhaps the
cis-Golgi (19). In these cells, polycystin-2 was found to be
membrane bound, N-glycosylated, and completely sensitive to
endoglycosydase H digestion, a characteristic of proteins re-
tained in the endoplasmic reticulum and cis-Golgi. Further-
more, polycystin-2 was found to co-localize with endoplasmic
reticulum markers by subcellular fractionation using linear
density gradient centrifugation and by double immunofluores-
cence. Finally, the retention of polycystin-2 in the endoplasmic
reticulum was found to be dependent on the presence of the
carboxyl terminus domain (19).
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Predictions based on the amino acid sequence of polycys-
tin-1 and polycystin-2 suggest that these are integral membrane
proteins that contain several intramembranous domains (28—
31). The subcellular localization of polycystin-2 in the present
study seemed to be mainly cytoplasmic and membrane asso-
ciated and therefore consistent with the localization in the
endoplasmic reticulum noted in cultured tubular epithelial cells
in our previous study (19). The pattern of immunostaining for
polycystin-2 in VSMC was affected by the treatment with
Taxol, colchicine, and cytochalasin-D. Taxol promotes accel-
erated assembly of excessively stable microtubules (32,33).
Colchicine and cytochalasin-D promote the dissociation of
microtubules and actin filaments by preventing the polymer-
ization of tubulin and actin, respectively (34,35). The redistri-
bution of the polycystin-2 immunostaining after treatment with
these drugs could suggest an association of polycystin-2 with
the cytoskeleton. However, the disappearance of polycystin-2
immunoreactivity after extraction with a nonionic detergent
indicates that polycystin-2 is localized in membrane-bound
structures that are aligned with the cytoskeleton. These obser-
vations are also consistent with a localization of polycystin-2 in
the endoplasmic reticulum. Nevertheless, they do not rule out
the possibility that some polycystin-2 may also be located in
the plasma membrane of VSMC.

This study was not designed to assess the function of poly-
cystin-2. Therefore, it is possible to speculate only on the
functional significance of the localization of polycystin-2 in the
endoplasmic reticulum of VSMC. Recent observations indicate
that protein complexes or aggregates of large molecular size
within a reticular-like matrix in the endoplasmic reticulum are
important for the normal maturation of collagens and other
extracellular matrix proteins (36). The localization and staining
characteristics of polycystin-2 described in the current study,
as well as the nature of the extrarenal manifestations of AD-
PKD, are consistent with a role for polycystin-2 in the pro-
cessing of structural cellular or secreted extracellular proteins.

Acknowledgments
Thank you to Patricia Urban, who provided secretarial assistance.
Funding for the reproduction of the color figures was provided by
Ortho-Biotech (Raritan, NJ).

References

1. Gabow PA: Definition and natural history of autosomal domi-
nant polycystic kidney disease. In: Polycystic Kidney Disease:
Oxford Monographs on Clinical Nephrology, edited by Watson
M, Torres VE, London, Oxford, 1996, pp 333-355

2. Peters DJ, Spruit L, Klinger R, Prins F, Baelde HJ, Giordano PC:
Adult, fetal, and polycystic kidney expression of polycystin, the
polycystic kidney disease-1 gene product. Lab Invest 75: 221—
230, 1996

3. Schievink WI, Torres VE, Piepgras DG, Wiebers DO: Saccular
intracranial aneurysms in autosomal dominant polycystic kidney
disease. J Am Soc Nephrol 3: 88-95, 1992

4. Chapman AB, Rubinstein D, Hughes R, Stears JC, Earnest MP,
Johnson AM, Gabow PA, Kachny WD: Intracranial aneurysms
in autosomal dominant polycystic kidney disease. N Engl J Med
327: 916-920, 1992

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

J Am Soc Nephrol 12: 1-9, 2001

Huston J III, Torres VE, Sullivan PP, Offord KP, Wiebers DO:
Value of magnetic resonance angiography for the detection of
intracranial aneurysms in autosomal dominant polycystic kidney
disease. J Am Soc Nephrol 3: 1871-1877, 1993

Chauveau D, Pirson Y, Verellen-Dumoulin C, Macnicol A,
Gonzalo A, Griinfeld J-P: Intracranial aneurysms in autosomal
dominant polycystic kidney disease. Kidney Int 45: 11401146,
1994

. Ruggieri PM, Poulos N, Masaryk TJ, Ross JS, Obuchowski NA,

Awad TA, Braun WE, Nally J, Lewin JS, Modic MT: Occult
intracranial aneurysms in polycystic kidney disease: Screening
with MR angiography. Radiology 191: 33-39, 1994

Schievink WI, Torres VE, Wiebers DO, Huston J III: Intracranial
arterial dolichoectasia in autosomal dominant polycystic kidney
disease. J Am Soc Nephrol 8: 1298-1303, 1997

. Leier CV, Baker PB, Kilman JW, Wooley CF: Cardiovascular

abnormalities associated with autosomal dominant polycystic
kidney disease. Ann Intern Med 100: 683—688, 1984

Torres VE, Holley KE, Offord KP: Epidemiology. In: Problems
in Diagnosis and Management of Polycystic Kidney Disease,
edited by Grantham JJ, Gardner KD, Kansas City, PKR Foun-
dation, 1985, pp 49-69

Biermann CW, Gasser TC, Breuer C, Rutishauser G: Marfan
syndrome and cystic kidneys of the adult type. Helv Chir Acta
59: 513-515, 1992

Somlo S, Rutecki G, Giuffra LA, Reeders ST, Cugino A, Whit-
tier FC: A kindred exhibiting co-segregation of an overlap con-
nective tissue disorder and the chromosome 16 linked form of
autosomal dominant polycystic kidney disease. J Am Soc Neph-
rol 4: 1371-1378, 1993

Kulla L, Deymeer F, Smith TW, Weiner M, Mullins TF III:
Intracranial dissecting and saccular aneurysms in polycystic kid-
ney disease. Arch Neurol 39: 776778, 1982

van Dijk MA, Chang CC, Peters DJM, Breuning MH: Intracra-
nial aneurysms in polycystic kidney disease linked to chromo-
some 4. J Am Soc Nephrol 6: 1670-1673, 1996

Griffin MD, Torres VE, Grande JP, Kumar R: Vascular expres-
sion of polycystin. J Am Soc Nephrol 8: 616—-626, 1997
Moraghan T, Antoniucci DM, Grenert JP, Sieck GC, Johnson C,
Miller VM: Differential response in cell proliferation to beta
estradiol in coronary arterial vascular smooth muscle cells ob-
tained from mature female versus male animals. Endocrinology
137: 5174-5177, 1996

Chen C, Okayama H: High-efficiency transformation of mam-
malian cells by plasmid DNA. Mol Cell Biol 7: 2745-2752, 1987
Wu G, D’Agati V, Cai Y, Markowitz G, Park JH, Reynolds DM,
Maeda Y, Le TC, Hou H Jr, Kucherlapati R, Edelmann W,
Somlo S: Somatic inactivation of PKD2 results in polycystic
kidney disease. Cell 93: 177-188, 1998

Cai Y, Maeda Y, Cedzich A, Torres VE, Wu G, Hayashi T,
Mochizuki T, Park JH, Witzgall R, Somlo S: Identification and
characterization of polycystin-2, the PKD2 gene product. J Biol
Chem 274: 28557-28565, 1999

Wu GQ, Markowitz GS, Li L, D’Agati VD, Factor SM, Geng L,
Tibara S, Tuchman J, Cai YQ, Park JH, van Adelsberg J, Hou H,
Kucherlapati R, Edelmann W, Somlo S: Cardiac defects and
renal failure in mice with targeted mutations in Pkd2. Nat Genet
24: 75-78, 2000

Russell HK Jr: A modification of Movat’s pentachrome stain.
Arch Pathol 94: 187-191, 1972



J Am Soc Nephrol 12: 1-9, 2001

22.

23.

24.

25.

26.

217.

28.

29.

Qian F, Germino FJ, Cai Y, Zhang X, Somlo S, Germino GG:
PKD1 interacts with PKD2 through a probable coiled coil do-
main. Nat Genet 16: 179-183, 1997

Tsiokas L, Kim E, Arnould T, Sukhatme VP, Walz G: Homo-
and heterodimeric interactions between the gene products of
PKD1 and PKD2. Proc Natl Acad Sci USA 94: 6965—-6970, 1997
Kim K, Drummond I, Ibraghimov-Beskrovnaya O, Klinger K,
Arnaout MA: Polycystin-1 is required for the structural integ-
rity of blood vessels. Proc Natl Acad Sci USA 97: 1731-1736,
2000

Cattoretti G, Pileri S, Parravicini C, Beckers MHG, Poggi S,
Bifulco C, Key G, Damato L, Sabattini E, Feudale E, Reynolds
F, Gerdes J, Rilke F: Antigen unmasking on formalin-fixed,
paraffin-embedded tissue sections. J Pathol 171: 83-98, 1993
Mukai M, Torikata C, Iri H, Hata JI, Naito M, Shimoda T:
Immunohistochemical identification of aggregated actin fila-
ments in formalin-fixed, paraffin-embedded sections. Am J Surg
Pathol 16: 110-115, 1992

Yamada E, Hazama F: Different stability of neurofilaments for
trypsin treatment after axotomy in the dorsal motor nucleus of
the vagal nerve and the hypoglossal nucleus. Brain Res 612:
210-215, 1993

The International Polycystic Kidney Disease Consortium: Poly-
cystic kidney disease: The complete structure of the PKD1 gene
and its protein. Cell 81: 289-298, 1995

The American PKD1 Consortium: Analysis of the genomic se-
quence for the autosomal dominant polycystic kidney disease
(PDK1) gene predicts the presence of a leucine-rich repeat. Hum

30.

31.

32.

33.

34.

35.

36.

Vascular Expression of Polycystin-2 9

Mol Genet 4: 575-582, 1995

Hughes J, Ward CJ, Peral B, Aspinwall R, Clark K, San Millan
JL, Gamble V, Harris PC: The polycystic kidney disease 1
(PKD1) gene encodes a novel protein with multiple cell recog-
nition domains. Nat Genet 10: 151-160, 1995

Mochizuki T, Guanqing W, Tomohito H, Xenophontos SL,
Velduisen B, Saris JJ, Reynolds DM, Cai Y, Gabow PA,
Pierides A, Kimberling WJ, Breuning MH, Deltas CC, Peters
DJ, Somlo S: PKD2, a gene for polycystic kidney disease that
encodes an integral membrane protein. Science 272: 1339—
1342, 1996

Milross CG, Mason KA, Hunter NR, Chung WK, Peters LJ,
Milas L: Relationship of mitotic arrest and apoptosis to anti-
tumor effect of paclitaxel. J Natl Cancer Inst 88: 1308-1314,
1996

Woods CM, Zhu J, McQueney PA, Bollag D, Lazarides E:
Taxol-induced mitotic block triggers rapid onset of a p53-inde-
pendent apoptotic pathway. Mol Med 1: 1076-1551, 1995
Salmon ED, McKeel M, Hays T: Rapid rate of tubulin dissoci-
ation from microtubules in the mitotic spindle in vivo measured
by blocking polymerization with colchicine. J Cell Biol 99:
1066-1075, 1984

Cooper JA: Effects of cytochalasin and phalloidin on actin. J Cel!
Biol 105: 14731478, 1987

Kellokumpu S, Suokas M, Risteli L, Myllyla R: Protein disulfide
isomerase and newly synthesized procollagen chains form high-
er-order structures in the lumen of the endoplasmic reticulum.
J Biol Chem 272: 2770-2777, 1997



