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Autosomal dominant polycystic kidney disease (ADPKD) is charac-
terized by cyst formation in the kidney, liver, and pancreas and is
associated often with cardiovascular abnormalities such as hyper-
tension, mitral valve prolapse, and intracranial aneurysms. It is
caused by mutations in PKD1 or PKD2, encoding polycystin-1 and
-2, which together form a cell surface nonselective cation ion
channel. Pkd2—/— mice have cysts in the kidney and pancreas and
defects in cardiac septation, whereas Pkd19¢/34 — /— and Pkd 1t — /—
mice have cysts but no cardiac abnormalities, although vascular
fragility was reported in the latter. Here we describe mice carrying
a targeted mutation in Pkd1 (Pkd19e/7-21Bgeo) \which defines its
expression pattern by using a lacZ reporter gene and may identify
novel functions for polycystin-1. Although Pkd1de!17-21Bgeo 4 /_
adult mice develop renal and hepatic cysts, Pkd19e/77-216gec — /—
embryos die at embryonic days 13.5-14.5 from a primary cardio-
vascular defect that includes double outflow right ventricle, dis-
organized myocardium, and abnormal atrio-ventricular septation.
Skeletal development is also severely compromised. These abnor-
malities correlate with the major sites of Pkd1 expression. During
nephrogenesis, Pkd1 is expressed in maturing tubular epithelial
cells from embryonic day 15.5. This expression coincides with the
onset of cyst formation in Pkd19¢34 — /— Pkd1: — /—, and Pkd2—/—
mice, supporting the hypothesis that polycystin-1 and polycystin-2
interact in vivo and that their failure to do so leads to abnormalities
in tubule morphology and function.

Autosomal dominant polycystic kidney disease (ADPKD) is
a common inherited disorder that affects 1 in 800 people
and accounts for ~8% of patients with end-stage renal failure.
It is characterized by the formation of multiple cysts in the
kidneys and liver and, less frequently, in the pancreas. Cardio-
vascular abnormalities including hypertension, mitral valve pro-
lapse, and intracranial aneurysms are also frequently recog-
nized. Extensive characterization of the cellular defects in cyst-
lining epithelial cells derived from kidneys affected by ADPKD
and from a variety of rodent models of renal cystic disease has
demonstrated generalized abnormalities in cell proliferation,
differentiation, and apoptosis (1-3). More specific defects in cell
polarity and extracellular matrix production are also seen and
have been implicated directly in the process of cyst formation (4,
5). However, the primary events that give rise to this cystic
phenotype have not been elucidated.

The cloning of PKD1 and PKD?2, the genes mutated in almost
all cases of ADPKD, has provided the opportunity to investigate
the molecular basis of cyst formation and develop appropriate
model systems to study the functions of their protein products,
polycystin-1 and -2. Both are predicted to be polytopic mem-
brane proteins, with polycystin-1 having a large predicted ex-
tracellular region comprising multiple discrete domains while
polycystin-2 has homology to ion channels (6, 7). An interaction
mediated by the C-terminal regions of both proteins results in
the formation of calcium-permeable nonselective cation chan-
nels in vitro, suggesting that extracellular signals can be trans-
duced by the polycystin complex to regulate diverse cellular
processes (8). Indeed, the cytoplasmic tail of polycystin-1 has
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been shown to activate several signal transduction pathways (9,
10), whereas Madin-Darby canine kidney cells transfected with
PKDI are resistant to apoptosis and undergo spontaneous
tubulogenesis (11). The nature of the extracellular signals or
protein ligands that activate polycystin-1 signaling have not been
determined.

The formation of a polycystin complex suggests that Pkd1 and
Pkd2 should have considerable overlap in their expression
patterns, and detailed analysis of the cellular and subcellular
distribution has been performed. Expression of polycystin-2 has
been defined in renal tubular epithelial cells with widespread
expression reported in other tissues including the heart and
vasculature (12-14). Unfortunately, considerable differences
have been reported in the expression pattern of polycystin-1 by
using both antibodies directed against different epitopes and
RNA in situ hybridization (15-23). This has made meaningful
comparisons of Pkdl and Pkd2 expression difficult.

Mice carrying targeted mutations in Pkd! and Pkd2 or a PKD1
transgene have been reported (24-28). They all have renal cysts,
suggesting that alterations in the level of polycystin-1 lead to cyst
formation. Both Pkd193* —/— and PkdI" —/— mice develop
renal, hepatic, and pancreatic cystic disease. However PkdI-
—/— embryos also develop gross edema and s.c. hemorrhage,
which may be caused by a defect in vascular wall integrity (24).
Unlike these models, Pkd2 mutant mice also have major defects
in cardiac development manifested by septal abnormalities in
addition to the cystic phenotype (27).

Here we describe a mouse model of ADPKD that allows the
accurate description of Pkdl expression by using a lacZ reporter
gene and identifies a major function for polycystin-1 in cardio-
vascular and skeletal development in addition to its role in
embryonic and adult kidney.

Materials and Methods

Pkd1 Gene Targeting. A 14-kb mouse genomic fragment contain-
ing Pkd1 exons 15-33 was isolated from a A2001 129 /Sv genomic
DNA library derived from the CCB embryonic stem (ES)
cell line (constructed by A. Smith) by screening with a human
PKD1 cDNA probe. To construct the targeting vector
(pPkd14e!17-21Fge0) " a 6.5-kb Xbal fragment (with one Xbal site
derived from the A2001 polylinker) containing exons 15-21 was
cloned into pBS (Stratagene). A 1.5-kb HindIII-Xbal fragment
including exons 17-21 was deleted and replaced with a promo-
torless cassette containing a 5’ donor engrailed-2 intron and
splice acceptor site, an internal ribosome entry site (IRES)
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Fig. 1. Generation of a targeted disruption of Pkd1. (a) Pkd1 exons 17-21 were replaced with a lacZ-neomycin® fusion gene (8geo) located downstream

of an engrailed-2 gene donor intron (En-2) and splice acceptor site (SA), an IRES, and upstream of a simian virus 40 polyadenylation signal (SVpA). The
positions of the 5" and 3’ external probes are indicated. HSVtk, herpes simplex virus thymidine kinase gene; B, BamHI; Rl, EcoRI; H, Hindlll; X, Xbal; S, Sall.
(b) A Southern blot of EcoRI-digested DNA from a cross of Pkd19e/17-21Bge0 + /— mice hybridized with an external 3’ probe showing the WT (+/+) (9 kb)
and mutant (7.5 kb) alleles; this result was confirmed with the 5'-external probe (data not shown). (c) Northern analysis using a Pkd7 exon 15 probe
demonstrated the ~14-kb Pkd1 transcript in WT (+/+) and Pkd1de/77-21Bgeo + /— embryos and the predicted 12.5-kb mutant transcript in Pkd19e/7-21pgeo
+/— and —/— embryos; different intensities between RNA samples reflected different RNA loading are shown. (d) A neo® probe confirmed the presence
of the 12.5-kb mutant transcript in Pkd79¢/17-218ge0 1 /— and —/— embryos. (e) Independent translation of the Bgeo gene was demonstrated by using an
anti-B-galactosidase antibody to detect the predicted 146-kDa B-galactosidase-neomycin fusion protein. (f) Levels of polycystin-2 (110 kDa) were unaltered

in Pkd1del17-21pgeo 4 /— and —/— E12.5 embryos compared with WT (+/+) littermates.

coupled to a lacZ-neomycin® fusion gene (Bgeo), and a 3’-simian
virus 40 polyadenylation site (29). The 3’ region of homology was
cloned as a 5.8-kb Xbal-HindIII fragment, and a phosphoglyc-
erate kinase promoter-herpes simplex virus thymidine kinase
gene (HSVTK) negative selection cassette was ligated down-
stream. The targeting construct is shown in Fig. 1. Notl-
linearized pPkdI9e!'7-21F¢¢0 was electroporated into CCB ES
cells. G418-resistant clones were selected and screened by
Southern blotting using EcoRI-cut genomic DNA and the 3’
probe. Of 266 ES cell clones screened, 11 clones containing the
correctly targeted mutant allele (Pkdl%"7-21Ps) were identi-
fied. Chimeric mice were generated by C57/Bl6 blastocyst
injection and germline transmission determined by glucose
phosphate isomerase assay (30). Chimeric males were bred to
129/Sv females, and offspring were genotyped by Southern
blotting (Fig. 1») and PCR. PCR primers were directed against
the IRES and Pkd! exons 18 and 19 (sequences and PCR
parameters are available on request). Wild type (WT) animals
were positive for the exon 18-19 PCR and negative for the IRES
PCR; Pkd]de17-21Bsco 4 /— animals were positive for both, and
Pkd]4et17=21gec0 — /| — animals were positive only for the IRES
PCR.

Analysis of RNA and Protein. Total RNA was prepared from E12.5
embryos by first grinding snap frozen embryos in liquid nitrogen
and then by using the method of Chomczynski and Sacchi (31).
Northern blot analysis of 20 ug of total RNA was carried out
according to standard protocols by using PkdI exon 15 or the
neoR gene as probes. Total protein (10-15 pg) from whole mouse
embryo homogenates was used to detect polycystin-2 and -
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galactosidase expression by Western blot analysis under reducing
conditions. The primary antibodies used were PKD2-CFP (12)
at a dilution of 1:1,000 and a mouse monoclonal antibody against
B-galactosidase at 1:5,000 dilution (Promega catalog number
73781).

Staining for B-Galactosidase Activity in Tissues and Frozen Sections.
Staining for B-galactosidase activity was carried out according
to published protocols (32). Fixation and staining times varied
depending on tissue and sample size. Samples were postfixed
in 4% paraformaldehyde in PBS and stored in 70% EtOH at
4°C. Samples were transferred to 70% methanol, dehydrated
through graded methanols, and cleared in benzylalcohol/
benzylbenzoate (1:1) before photography. Frozen sections
were counterstained with nuclear fast red before permanent
mounting.

Histological and Skeletal Analysis. Tissues and embryos for histo-
logical analysis were fixed overnight in 4% paraformaldehyde in
PBS and stored in 70% ethanol before paraffin embedding.
Paraffin sections of 6 um were cut and stained with hematoxylin
and eosin. Skeletal preparations and cartilage staining were
carried out as described (32).

Nuclear Magnetic Resonance Imaging. Magnetic resonance images
were acquired at a magnetic field of 9.4 T (400-MHz proton
frequency) by using an unshielded gradient set and a 25 mm
diameter 'H probe (Varian Ltd). The images were acquired by
using a spin echo pulse sequence (time to echo = 60 msec, time
to return = 2 sec) with 256 phase-encode increments and 16
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transients per increment. The echoes were acquired into 512 data
points, and the data set zero was filled to 1,024 X 1,024 data
points before two-dimensional Fourier transformation. The slice
thickness was 500 wm, and the in-plane resolution was 78 X
78 wm.

Results

Generation of Knockout Mice Carrying a Truncating Mutation in Pkd1
and an Inserted lacZ Gene. We have generated mice carrying a
truncating mutation in the Pkdl gene (PkdI4!7-21F) by using
gene targeting to replace exons 17-21 of the Pkdl gene with a
lacZ-neomycin fusion gene (Bgeo) downstream of a splice ac-
ceptor site and an IRES (Fig. 1 a and b) (29). The resulting
transcript, containing the first 16 exons of Pkd! spliced to Bgeo,
is predicted to encode a truncated form of polycystin-1, which
includes only the extracellular domains up to and including the
PKD repeats, and thus represents a common class of mutation
found in ADPKD patients (33). Northern analysis demonstrated
expression of the expected 12.5-kb PkdI-Bgeo fusion transcript
and loss of the WT 14.5-kb Pkd1 transcript in Pkd]%/17-21fgeo
—/— E12.5 embryos (Fig. 1 ¢ and d). Western blotting confirmed
that the IRES was used efficiently to produce a -galactosidase-
neomycin fusion protein (Fig. 1e) and indicated that the expres-
sion level of Pkd2 was unaffected in Pkd]%!7-21fgec + /— and
—/— E12.5 embryos (Fig. 1f). The efficient translation of Bgeo
mRNA allowed Pkd1 expression to be visualized by staining with
X-Gal and correlations to be made with the phenotype of mutant
mice.

Kidney and Liver Cysts in Pkd1del17-218geo Heterozygotes and Expres-
sion of Pkd1. Microscopic renal cysts were observed in ~50% of
Pkd [4e117-21Fgco + / — mice analyzed before 9 months of age (n =
15) and were detected as early as 3 months, with occasional
macroscopic cysts seen in animals of 4-19 months (n = 8/18).
Cysts arose throughout the nephron and were often lined with
hyperplastic cells or apoptotic cells (Fig. 2 a and b). X-Gal
staining of kidneys from adult Pkd9!7-2!Fge0 heterozygotes
revealed activity of the Pkdl promoter in cyst-lining epithelia
(Fig. 2e) but no significant up-regulation of the mutant allele
compared with normal tubule epithelia. Low levels of Pkdl
expression were detected throughout the nephron, except in
podocytes, with the highest levels seen in the medullary and
papillary collecting ducts, ureter, and renal vessels (Fig. 2 b—d).
All WT tissues were negative or showed only weak background
staining with X-Gal.

In addition to renal cysts, liver and pancreatic cysts are
seen in ADPKD patients. Pkdl was expressed at low levels
in the pancreatic ducts and intrahepatic bile ducts but not in
hepatocytes (Fig. 3a). Liver cysts were found occasionally in
Pkd4¢17-21Bgeo heterozygotes from 19 months of age.

Pkd1 Is Expressed in Maturing Tubule Epithelial Cells During Nephro-
genesis. During early metanephric development, up to E15.5,
Pkdl expression was seen only in renal vessels and weakly in
uninduced and induced mesenchyme (from E13.5), with the
ureteric bud, comma, and S-shaped bodies negative (Fig. 2g).
This is consistent with the observation that renal development of
Phkd]417-21fge0 — /— embryos was normal until their deaths at
E13.5-E14.5. From E15.5 to E18.5, Pkdl expression was in-
creased dramatically in mesenchymal cells and endothelial cells
in the nephrogenic zone and most significantly in the differen-
tiating tubules of the nephron and collecting duct system (Fig. 2
h—j). No podocyte staining was seen. This correlates well with the
time point at which cysts first arise in kidneys of Pkd193* — /—
and Pkdl"” —/— embryos, suggesting that in the absence of
functional polycystin-1 further development of tubule epithelial
cells is impaired, and this results in cyst formation.
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S
. 4 LR
-~ i ,
N S “' i N o "G
4 - o A . s N \( ; % i

-8 . - R | 7
: ey FE AN - S \"ﬁ» ﬂ’..l‘ Y';\ ».h‘ ‘
Fig. 2. Renal cysts and Pkd1 expression in embryonic and adult kidneys of

Pkd1del17-21Bgeo + /— mice demonstrated by using X-Gal staining. Renal cysts
(cy) in Pkd1del17-21Bgeo + /— \yere lined with hyperplastic epithelial cells (a,
arrowed) or cells with pyknotic apoptotic nuclei (b, X60). (c) Whole-mount
X-Gal staining of adult kidney. (d-f) Adult kidney frozen sections (x40).
Expression is seen in all medullary collecting ducts (d), glomerular parietal,
proximal and distal tubule epithelial cells (e), and in cystic epithelia (). Strong
staining of the afferent arterioles (aa) and other vascular structures was seen
also. (g-j) Pkd1 expression in Pkd1del17-21Bgeo + /— embryos during nephrogen-
esis (X60): g, E13.5; h and /i, E15.5; j, E18.5. Expression is confined to mesen-
chyme (m) and maturing tubules. ub, ureteric bud; s, S-shaped body; long
arrow, podocytes; short arrow, endothelium.

Pkd1 Is Expressed Highly Throughout the Cardiovascular System.
Cardiovascular abnormalities are a major feature of ADPKD
and include cerebral aneurysms, hypertension, and cardiac val-
vular defects (34). X-Gal staining of Pkd]%!7-21Bgeo 4 /— adult
tissues revealed high levels of Pkdl expression throughout the
heart. Expression was highest in the aortic outflow tract and
atrial appendages (Fig. 3b) and in the endothelial and vascular
smooth muscle cells of the major vessels including the aorta (Fig.
3 b and ¢) and intracranial arteries (Fig. 3d), a site of aneurysm
formation in ADPKD patients. In the embryonic cardiovascular
system, Pkdl expression was detected at E9.5 in the aorta and
later in all of the major vessels (Fig. 3¢); from E10.5, all the
structures of the heart were positive, with the highest expression
in the outflow tracts, endocardial cushions and valve leaflets, and
lower levels in the myocardium (Fig. 3f). This expression pattern
suggested a role for polycystin-1 in cardiovascular development,
a hypothesis supported by the phenotype of Pkd4¢!7-21pgeo — /—
embryos.

Abnormal Cardiovascular Development in Pkd1de!17-218ge0 Homozy-

gote Embryos. Pkd4!!7-21sc0 — /— embryos died at E13.5-E14.5
with multiple developmental abnormalities. Progressive edema

Boulter et al.



Fig.3. Expression of Pkd7 in nonrenal adult and embryonic tissues. (a) Adult
liver [bd, bile ducts; ha, hepatic artery; pv, portal vein; h, hepatocytes (x10)].
(Inset) Whole-mount staining of gall bladder. (b) Adult heart. Pkd1 was
expressed strongly in the aortic outflow tract (a), atrial appendages (ap), and
major coronary vessels (arrow). The cartilage rings of the trachea (t) and
bronchi and vessels in the lung are also positive. (c) Dissected adult aorta.
(Inset) Frozen section adult aorta (X40). Pkd1 is expressed in vascular smooth
muscle cells (vsm) and vascular endothelial cells (ve) separated by vascular
basement membrane (bm). (d) Intracranial arteries. (e and f) Pkd1 expression
in the embryonic cardiovascular system. (e) Aorta (a) at E14.5. The cartilage of
the developing vertebral bodies (vb) and intervertebral discs (arrows) are also
positive (X 10). (f) E18.5 cardiac outflow tract (p, pulmonary artery; av, aortic
valve), (X20). (g) Whole-mount staining of sternum and ribs. Note also strong
staining in vessels. (h) E11.5 floor plate (fp) and notochord (arrow) are sites of
Pkd1 expression (X40).

and focal hemorrhage suggested an underlying cardiovascular
defect (Fig. 4 b and d). Histological examination revealed
hemorrhagic pericardial effusion, disorganized myocardial tra-
beculation, and thinning of the myocardial wall. Other abnor-
malities seen included atrial and ventricular septal defects as well
as DORV (Fig. 4 e-i; Table 1). Two animals with DORYV also
had a common atrio-ventricular junction with the atrial septum
fused to the atrial aspect of the unfused atrio-ventricular cush-
ions. The endocardial cushions and the cushion mass forming the
outlet septum were dysplastic, appearing to be larger than
normal (Fig. 4i).

Expression of Pkd1 in Embryonic and Adult Cartilage and Disruption
of Bone Development in Pkd19e/17-2169ec Homozygote Embryos. Al-
though no characteristic pattern of skeletal abnormality is
recognized in ADPKD, an association with a Marfanoid habitus
has been suggested (35). We have found high levels of Pkdl
expression in adult cartilage (Fig. 3f). During embryogenesis,
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Fig. 4. Abnormal cardiovascular development in Pkd1de/17-21pgeo — /— em-
bryos. (a—d) Pkd19e!17-21Bgeo — /— embryos at E13.5 (b and d) were edematous
and hemorrhagic compared with littermate controls (a and c). Magnetic
resonance imaging demonstrated the marked edema (*), subcutaneous hem-
orrhage (white arrow), pericardial effusions (long black arrow), and abnormal
craniofacial development (short black arrow) of Pkd19e/17-218geo — /— embryos
(d) (scale bar, 1 mm). Hematoxylin/eosin staining of sagittal sections of E13.5
embryos showed hemorrhagic effusion and disorganization of the myocardial
wall and ventricular septum in Pkd19e/7-21Bge0 — /— embryos (fand h) but not
in WT littermates (e and g). lv, left ventricle; rv, right ventricle. e and f, X10;
gand h, x40. (i) Transverse section showing the heart of a Pkd19e/77-21Bgeo — / —
embryo at E13.5 showing a double outlet right ventricle (DORV) with the large
dysplastic cushion mass forming the outlet septum (rv, right ventricle; ra, right
atrium; pt, pulmonary trunk; a, aorta; vv, venous valves of the right atrium; *,
outlet septum) (X10).

Pkdl is expressed in differentiating cartilage and somites and
earlier in the notochord and floor plate, which are involved in
somite development (Fig. 3 e and /). This pattern suggests a
potential role for polycystin-1 in formation of the axial skeleton
and in cartilage differentiation. Indeed, skeletal development
was compromised severely in Pkd4¢!17-21Pscc — /— embryos.
Skeletal preparations of E12.5 and E13.5 embryos revealed that
both the axial skeleton and long bones were abnormal (Fig. 5).
The structure and organization of the vertebrae were disrupted,
and the spines of all homozygotes analyzed were curved and
twisted (n = 4). Compared with WT controls, the long bones
were shorter and smaller in diameter, with splaying of the radius
and ulna, and histological sectioning revealed that cartilage
differentiation was delayed (data not shown). Defects were seen
also in neural crest-derived tissues in the head, including Meck-
le’s cartilage, consistent with the expression pattern of Pkd!I in
neural crest cells and their derivatives (20).

Discussion

The Pkd]4!!7-21ge0 — /— mice described here reveal important
new roles for polycystin-1 in cardiovascular and skeletal devel-
opment. This phenotype is different from that of the previously
reported Pkdl mutant mice, which die later in gestation and
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Table 1. Abnormal cardiac development in Pkd1de/17-218geo — /— mice

4 5 6 7 8 9 10 11 12

Embryo 1 2 3
Gestation (E) 125 125 125
Edema +
Normal heart

DORV + +
Myocardial disorganization +

Common AV junction

125 13 13 13 13 13 14 145 145

+ + o+ o+ o+ 4+ o+ + +
+

+ + o+

+ + o+ + o+ + +

have no reported cardiac or skeletal defects, indicating that the
site of mutation in Pkdl may influence the phenotype. The
Pkd]d7-21Bgeo 4 /— mice also allow a detailed and accurate
description of Pkdl expression, which largely agrees with RNA
in situ hybridization studies (20, 21) and clarifies much of the
conflicting immunolocalization data (15-18, 22, 23, 36-38).

Previous data based on immunohistochemistry and in vitro
organ culture systems have suggested a role for polycystin-1 in
ureteric bud growth and branching during kidney development
(23, 39, 40). This article, however, demonstrates that polycystin-1
does not play a major role in early nephrogenesis. In agreement
with RNA in situ hybridization data (20), PkdI expression during
early nephrogenesis is limited, with weak expression in unin-
duced and induced mesenchyme and no expression in the
ureteric bud and comma and S-shaped bodies. Consistent with
this observation, early nephrogenesis is normal in this and other
Pkdl mutant embryos (24, 25). Instead, our data suggest a role
for polycystin-1 in tubule maturation with induction of Pkdl
expression in maturing tubule epithelial cells from E15.5. This
timing coincides with the basolateral localization of polycystin-2
in tubule epithelial cells and the onset of cyst formation in
Pkdl—/— and Pkd2—/— mice (12, 13, 20, 21, 24-26). Recent in
vitro experiments have demonstrated that translocation of poly-
cystin-2 to the plasma membrane requires polycystin-1 and that
their coassembly produces calcium-permeable nonselective cat-
ion currents (8). Taken together, our data support the hypothesis
that a complex of polycystin-1 and polycystin-2 at the cell
membrane is required for further tubule development, and its
absence results in cyst formation.

The mechanisms by which cysts arise in the kidney in ADPKD
are unknown. Evidence from mutation analysis of cystic epithe-
lial cells derived from adult cystic kidneys and from Pkdl—/—
and Pkd2—/— mice strongly supports a two-hit mechanism
involving somatic mutation at the Pkd! or Pkd2 locus (41, 42).
Although the loss of polycystin-1 function clearly leads to cyst
formation, there is some evidence that altered levels of the
protein may be pathogenic with elevated levels of polycystin-1
being associated with cyst formation in a mouse model carrying
a human PKD] transgene (28). Cyst formation therefore may
result from more complex mechanisms than somatic mutation
alone. The early onset and relatively high frequency of micro-
scopic cyst formation seen in ADPKD, where microscopic cysts
have been detected very early in the course of the disease by
renal biopsy (43), also suggest that mechanisms other than
somatic mutation may be involved in the initiation of cyst
formation. Indeed, the presence of microscopic cysts in
Pkd19€17-21Bze0 heterozygotes from 3 months of age, affecting
1-2% of tubular cross sections would be consistent with this
hypothesis. Subsequent somatic Pkdl mutation or other genetic
or environmental effects then might be involved in cyst progres-
sion. Our mouse model therefore will be useful in addressing this
question.

One of the major sites of PkdI expression is in the developing
and mature cardiovascular system. High levels of expression
were detected in vascular smooth muscle and endothelial cells as
well as in cardiac valves and myocytes. This expression pattern
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corresponds with the phenotype of Pkdl!7-21fg0 — /— mice,
which exhibit gross edema, s.c. hemorrhage, and structural
cardiac defects. The atrial and ventricular septal abnormalities
seen in Pkd]%"7-21fsc0 — /— mice, including a common atrio-
ventricular canal, have also been described in ~50% of
Pkd2—/— embryos (27), suggesting that Pkdl and Pkd2 interact
during cardiac development. Additional cardiovascular abnor-
malities, notably the DORYV, seen in the Pkd4!7-21fge0 — /—
embryos are similar to those described in mice with neural crest
defects (44, 45). Given that Pkdl was expressed throughout the
heart, the presence of myocardial abnormalities and/or DORV
in different Pkd[4!7-21Fsco — /— embryos was consistent with
primary defects in both the myocardium and in neural crest-
derived tissues in addition to possible secondary effects resulting
from their interaction. The valvular abnormalities such as mitral
valve prolapse seen in 25% of cases of ADPKD can now be
explained readily by the demonstration of Pkdl expression in
these developing structures (Fig. 3f). These expression data also
suggest that a primary defect in vascular endothelial and/or
smooth muscle cell function may be the cause of hypertension in
ADPKD, independent of alterations in renal function. Pkdl
expression in the afferent arteriole (Fig. 2¢) would also support
this hypothesis. Similarly, intracranial aneurysm formation may
reflect a primary defect in vascular structure.

X-Gal staining of embryonic and adult tissues from
Pkd]917-21Bs¢0 heterozygote mice showed that Pkdl has a
complex developmental and tissue-specific expression pattern
(Figs. 2 and 3; unpublished data). These data point to a role
for polycystin-1 in the development and physiology of a wide
variety of different organ systems in addition to the kidney.
Such a widespread role was not predicted from the pathology

Fig. 5. Abnormal skeletal development in Pkd79e/’7-218geo — /— mice. Carti-
lage staining of skeletal preparations from an E13.5 Pkd7del17-21Bgeo — /—
embryo and WT (+/+) littermate showing abnormalities in cranial, facial,
axial, and long bone formation in the mutant.
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of ADPKD. Pkd]d!17-21fgec — / — mice have revealed that Pkd1
is involved in bone formation; developing and mature cartilage
are a major site of Pkdl expression, and skeletal development
was severely disrupted in Pkd19¢17-21Bg¢> homozygote embryos
(Fig. 5). Differences in the expression of Pkdl and Pkd2 (21)
and in Pkdl and Pkd2 mutant mice also suggest novel tissue-
specific functions for polycystin-1 that are independent of
polycystin-2. For example in contrast to Pkdl, neural crest
cell-derived tissues display low-to-undetectable Pkd2 expres-
sion, which would explain the phenotypic differences between
Pkd 149¢!17-21Pge0 and Pkd2 mutant mice (21, 27). Thus, polycys-
tin-1 is likely to be a multifunctional protein involved in the
development of a variety of tissues including the kidney, liver,
pancreas, cardiovascular system, and skeleton. The character-
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Pkd1 will help to elucidate these roles and determine whether,
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disease phenotype.
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