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Autosomal recessive polycystic kidney disease is a
hereditary fibrocystic disease that involves the kid-
neys and the biliary tract. Mutations in the PKHDI1
gene are responsible for typical forms of autosomal
recessive polycystic kidney disease. We have gener-
ated a mouse model with targeted mutation of Pkhd1
by disrupting exon 4, resulting in a mutant transcript
with deletion of 66 codons and expression at ~30% of
wild-type levels. Pkbd19<'*/?°"* mice develop intrahe-
patic bile duct proliferation with progressive cyst for-
mation and associated periportal fibrosis. In addi-
tion, these mice exhibit extrahepatic manifestations,
including pancreatic cysts, splenomegaly, and com-
mon bile duct dilation. The kidneys are unaffected both
histologically and functionally. Fibrocystin is expressed
in the apical membranes and cilia of bile ducts and
distal nephron segments but is absent from the proxi-
mal tubule. This pattern is unchanged in orthologous
models of autosomal dominant polycystic kidney dis-
ease due to mutation in Pkd1 or Pkd2. Mutant fibrocys-
tin in Pkbd19"* % mice also retains this expression
pattern. The hypomorphic Pkbd1 """ mouse model
provides evidence that reduced functional levels of fi-
brocystin are sufficient for cystogenesis and fibrosis in
the liver and pancreas, but not the kidney, and sup-
ports the hypothesis of species-dependent differences
in susceptibility of tissues to Pkbdl mutations. (Am J
Pathol 2008, 172:417—429; DOI: 10.2353/ajpath.2008.070381)

Autosomal recessive polycystic kidney disease (ARPKD)
is a hereditary cystic disease involving the kidneys and

the biliary tract. ARPKD is a significant cause of pediatric
morbidity and mortality with an estimated incidence of 1
in 20,000 live births. The clinical spectrum is variable
with ~30 to 50% of affected neonates dying shortly after
birth and other patients surviving to adulthood.? * The
most severely affected fetuses have enlarged echogenic
kidneys in utero with associated oligohydramnios indica-
tive of intrauterine renal failure. Neonatal demise in this
setting is primarily attributable to respiratory failure from
associated pulmonary hypoplasia. The majority of af-
fected individuals, however, do not have these severe
manifestations in utero and survive the neonatal period.
These individuals present later with a spectrum of asso-
ciated morbidities that include systemic and portal hy-
pertension, congenital hepatic fibrosis, and progressive
renal insufficiency.®® Primary organ system involvement
in the latter presentation of human ARPKD is restricted to
the liver and kidneys, and the most common pathological
lesions seen are biliary dysgenesis accompanied by por-
tal tract fibrosis in the liver and fusiform dilatations of the
renal collecting ducts radiating from the medulla to the
cortex of the kidney.

Mutations in a single gene, PKHD1 (polycystic kidney
and hepatic disease 1), have been found to underlie all
presentations of ARPKD in humans.®” PKHD1 extends
more than 469 kb on chromosome 6p21.1-p12. The long-
est predicted transcript consists of 67 exons and en-
codes a 4074-amino acid protein, called either fibrocystin
or polyductin (heretofore referred to as fibrocystin for
simplicity). This novel protein is predicted to have a sin-
gle transmembrane-spanning domain near its carboxyl
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terminus. The extracellular domain is predicted to be
heavily glycosylated and contains multiple iterations of
immunoglobulin-like, plexin, transcription factor (IPT) do-
mains and parallel B-helix 1 (PbH1) repeats. A single
paralogous gene, PKHDL1, has been identified in mam-
malian species.® Invertebrate model organisms including
Drosophila melanogaster and Caenorhabditis elegans do
not appear to have homologs of either gene. It has been
proposed that fibrocystin functions as a cell surface re-
ceptor, a co-receptor, or a cell surface ligand,®” and it
has recently been shown to undergo notch-like proteo-
lytic cleavage resulting in regulated release from the
apical surface of cells.®

To date, more than 300 different mutations have been
detected in PKHD1 (http.//www.humgen.rwth-aachen.de),
with the majority predicted to be amino acid substitution
mutations. Mutations reside almost exclusively in the
large extracellular domain of the protein, with only one
truncation mutation detected in the C-terminal cytoplas-
mic tail.'® Support for the hypothesis that ARPKD is a
loss-of-function disease comes from several studies on
patients in whom both mutations were predicted to be
chain terminating. Patients with two predicted truncation
mutations invariably present with the more severe peri-
natal lethal phenotype, whereas patients with later-onset
disease have at least one missense mutation. 4

The fibrocystin transcript is strongly expressed in the
developing kidney, where it is primarily localized to the
ureteric bud. In the adult kidney it appears in the collect-
ing ducts and loops of Henle."® Other sites of expression
include the ductal plates and bile ducts of the liver,
pancreatic ducts, as well as the heart, large vessels,
testis, trachea, and sympathetic ganglia.’® In keeping
with the transcript expression pattern, immunohistochem-
ical studies of fibrocystin protein expression in kidney
tissue have shown ureteric bud expression in the devel-
oping kidney and strong collecting duct and medullary
thick ascending limb expression in adult kidney.'®~'8
Immunocytochemistry has consistently shown that fibro-
cystin is localized in primary cilia of cultured cells'®~2"
and immunoelectron microscopy in kidney tissues has
confirmed the cilia location.'2° Fibrocystin has been
proposed to play a role in ciliogenesis because structural
abnormalities were found in the cilia of biliary epithelia in
the pck rat, a rodent model bearing a germline mutation in
Pkhd1."® Additional evidence that fibrocystin plays a role
in ciliogenesis comes from Pkhd? siRNA knockdown
studies in cholangiocytes' and renal epithelial cells,??
whereby the cells lacking fibrocystin do not form cilia.

Orthologous rodent models of mutation in Pkhd7 have
been reported in both rat and mouse. The pck rat has a
mutation in Pkhd7 that results in skipping of exon 367 but
still forms a nearly full-length protein product.’® The pck
rat develops renal cysts in thick ascending loops of
Henle, distal tubules, and collecting ducts, and male
animals are more severely affected than females.®®
These animals also develop bile duct dilatation accom-
panied by mild portal fibrosis.?® Pancreatic lesions were
not reported in the pck rat. An engineered mouse muta-
tion with disruption of exon 40 still produces a modified
transcript because of exon skipping.* This mouse model

shows bile duct proliferation with associated portal tract
fibrosis and portal hypertension but does not have dis-
cernible abnormalities in the kidney.>* More recently re-
nal phenotypes have been described in two mouse mod-
els harboring hypomorphic mutations in Pkhd1.25?° The
Pkhd19°2/9¢2 mouse develops renal cysts in the S3 seg-
ment of the proximal tubule but not in the collecting duct
system.?® On the other hand, the Pkhd 196~ 4/del3=4 madg|
develops cysts in the collecting duct and thick ascending
limbs of Henle’s loop.?®

In the current study, we sought to investigate the role of
fibrocystin in human disease by targeting the 5’ region of
the murine Pkhd1. Partial deletion of exon 4 resulted in a
hypomorphic allele with persistent protein expression be-
cause of cryptic splice site activation and exon skipping.
The Pkhd19¢ allele mimics a phenotype of ARPKD that
results in predominant bile duct dysgenesis accompa-
nied by periportal fibrosis, dilated extrahepatic bile
ducts, and splenomegaly. The mice develop significant
pancreatic duct cysts that have not been described in
human disease but do not develop kidney cysts. Wild-
type and mutant fibrocystin are expressed on the apical
and ciliary membranes of bile duct cells and of the distal
nephron. This expression pattern of fibrocystin is not
altered in kidney or bile duct cysts of mice bearing mu-
tations in either of the dominant polycystic kidney disease
genes, Pkd1 or Pkd2. In aggregate, the data show that
rodent Pkhd1 is prone to alternative splicing, that hypo-
morphic alleles are sufficient to cause biliary fibrocystic
disease and pancreatic duct cysts, and that the expres-
sion pattern of fibrocystin is independent of either poly-
cystin-1 (PC1) or polycystin-2 (PC2).

Materials and Methods

Animal Care

All experiments were conducted in accordance with Yale
University Institutional Animal Care and Use Committee
guidelines and procedures. The Pkhd1 “* mice de-
scribed in this article are on a C57BL6/129 mixed back-
ground, unless stated otherwise. Mice of either gender
were used in this study.

Construction of the Pkhd1 Knockout Mouse

A BAC clone, RPCI-22-534J18 (CHORI, Oakland, CA),
previously identified as containing the first 32 exons of
murine Pkhd1 gene, was digested with Xbal to isolate a
7.8-kb fragment containing exons 2 to 5. This fragment
was subcloned into the Xbal site of pBluescript Il KS
vector containing a diphtheria toxin-negative selection
cassette. A 0.8-kb fragment, containing the terminal 46
nucleotide residues of exon 4 and intronic sequence
between exons 4 and 5, was replaced by insertion of a
1.8-kb PGK-Neo cassette into the Aatll site. The Pkhd1
targeting vector was linearized at a unique Notl site in the
pBluescript || KS vector and electroporated into 129Sv/E
mouse embryonic stem cells. G418-resistant clones were
picked and screened both 5’ and 3’ to the target region



by long-range polymerase chain reaction (PCR), using
rTth XL DNA polymerase (Applied Biosystems, Foster
City, CA) according to the manufacturer’'s recommenda-
tions, thereby generating 3.5- and 4.5-kb PCR products,
respectively. The 5’-region was amplified using a forward
primer designed outside the targeting vector upstream of
exon 2 (5'-GGTCCCCATGTACTTTCCT-3’) and a reverse
primer in the PGK promoter sequence of the Neo cassette
(5'-ACATTCCACATCCACCGGTA-3'). The 3’ region was
amplified with primers in the Neo cassette (5'-CGTTG-
GCTACCCGTGATATT-3’) and in the diphtheria toxin se-
lection cassette downstream of the targeting vector (5'-
TGCCCCTTCAGTATCCAAAC-3'). Two correctly targeted
embryonic stem cell lines, 19 and 206, were expanded
and injected into blastocysts to produce chimeric mice.
Germline transmission was obtained, and mice on a
mixed C57BL6/129sv background and heterozygous
Pkhd19°** mice were subsequently intercrossed to gen-
erate homozygous progeny.

Southern Hybridization and Genotypic Analysis

Genomic DNA analysis was performed by digestion of
DNA from liver with Ncol, which was then transferred to a
nitrocellulose membrane and hybridized with an intron
5-containing 22P-labeled probe. The wild-type allele is
7.6 kb in size, and the mutant allele is 6.0 kb. Genomic
DNA extracted from mouse tail biopsies was routinely
genotyped by PCR using the following primers to recog-
nize the wild-type allele: forward primer, 5'-TTAGGGAA-
GAATGGCTCTC-3', and the reverse primer, 5-TTCA-
GAGGGAGGAAAAGCAA-3', to produce a 580-bp fragment.
The Pkhd19¢* allele was amplified with forward primer
5'-TTAGGGAAGAATGGCTCTC-3" and a reverse primer
in the PGK-Neo cassette, 5'-GCCAGAGGCCACTTGTG-
TAG-3', amplifying a 171-bp product.

Reverse Transcriptase (RT)-PCR Analysis

Total RNA was prepared from kidneys and livers of
Pkhd1** and Pkhd199#/9€* mice using TRIzol reagent
(Invitrogen, Carlsbad, CA) and was reverse-transcribed
using a cDNA synthesis kit from Stratagene (La Jolla,
CA). The 5’ region of the Pkhd1 gene was amplified from
kidney and liver cDNA of Pkhd1** and Pkhd19e4/de
animals using the following primers: exon 1 forward
primer 5'-CTGGCCTGTCACCGAATAGT-3' and the re-
verse primer designed against exon 6, 5'-GATCAGA-
CACCTGTTTTATATC-3'. The PCR products were run on
a 1% agarose gel, extracted, and sequenced.

Quantitative PCR Analysis

An aliquot of 2 ug of total RNA was reverse-transcribed
from wild-type and Pkhd194/¥€ Kidney tissues, using
Omniscript reverse transcriptase (Qiagen, Valencia, CA)
and random hexamers. Quantitative PCR of Pkhd7 tran-
scripts was performed using TagMan technology (Ap-
plied Biosystems). The TagMan assay designed for
mouse Pkhd1 exon 3/4 junction (specific for the exon
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4-containing transcripts) consists of primers mPkhd1Ex4F
5'-TCACAGTTGTATTTGACGGTTTGGA-3’, mPkhd1Ex4R
5'-TCTCAGCTGCAGATAGACCTGT-3’, and the TagMan
probe, 5'-AAGTATTCTTTACCCCAACAATG-3’ in exon 4.
The TagMan assay for mouse Pkhd7 exon 3/5 junction
(specific for exon 3/5-containing transcripts) consists of
primers mPkhd1Ex3F 5'-CAGATTGAACCCGCAGAAG-
GTA-3', mPkhd1Ex5R 5'-ATCAGAAGCAGATGCAGGGC-
3’, and the TagMan probe 5'-TGTATTTGACGGTCTCTT-
3’. The housekeeping gene GAPDH was used as a control
for gene expression. The PCR conditions were 50°C for 2
minutes, 94°C for 10 minutes, followed by 40 cycles of
94°C for 15 seconds and 60°C for 30 seconds. The
standard curves were generated from amplified cDNA
products, and all reactions were performed in triplicate.
The samples were normalized to GAPDH. Quantification
was performed according to the manufacturer's recom-
mendations (Applied Biosystems).

Histochemistry

Tissues were fixed in 4% paraformaldehyde and embed-
ded in paraffin. Five-um sections of kidney, liver, and
pancreas were stained with hematoxylin and eosin, peri-
odic acid-Schiff, and Mallory trichrome.

Generation of Fibrocystin Polyclonal Antibodies

We raised polyclonal antibodies against different portions
of the longest open reading frame product using fusion
protein and synthetic peptide-based strategies. Two fu-
sion proteins and two synthetic peptides were included in
the immunization protocol. One fusion protein, pep7/4b,
containing part of the murine fibrocystin extracellular re-
gion (amino acids 2694 to 2894) was coupled to GST at
the N terminus. The corresponding cDNA fragment was
amplified from mouse kidney cDNA using the following
primers: forward 5-AATTCCCGGTCACCTACCTGGTT-
TCAGGT-3" and reverse 5'-GACACAATTGTCCTCAGC-
GACTCGAGCGGC-3'. This product was cloned into
pGEX4T-3 and was sequence-verified. The GST-fibro-
cystin fusion protein was generated in BL21(DE3) pLysS
E. coli and purified with glutathione-coated Sepharose
beads (Amersham Biosciences, Piscataway, NJ) and
eluted with glutathione-containing buffer (10 mmol/L glu-
tathione, 50 mmol/L Tris-HCI, pH 8.0). Two mg of purified
protein was used to immunize rabbits for polyclonal an-
tibody production (Zymed, Carlsbad, CA) and affinity
purified. The anti-P5P6 antiserum was raised against the
amino acid sequences 3252 to 3266 (P5) and 3774 to
3785 (P6) in human fibrocystin and has been described
previously.?°

Generation of an Epitope-Tagged Human
PKHD1 Construct
To construct an epitope-tagged full-length human

PKHD1 cDNA, five overlapping fragments were gener-
ated by PCR using rTth XL DNA polymerase (Applied
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Biosystems). A sixth fragment bearing a C-terminal triple
hemagluttinin (HA) tag was generated by polymerase
chain reaction. Each fragment was cloned into pGEM-T-
Easy vector (Promega, Madison, WI) and verified by re-
striction digestion and sequencing from both the 5" and
3’ directions. The full-length human PKHD1 cDNA was
subcloned into pcDNA3.1 vector via Notl and Asel re-
striction sites. Site-directed mutagenesis was used to
insert a unique Clal restriction site downstream of the
leader sequence in the amino terminus of human PKHD11.
A triple FLAG epitope tag was inserted at this unique site
and sequence-verified.

Membrane Preparation and Western Blot
Analysis

Membrane proteins were prepared from whole organs
(kidneys, brain, pancreas, liver, lung, and heart) of adult
mice. Fresh tissues were added to 4 vol of homogeniza-
tion buffer (25 mmol/L Tris-HCI, pH 7.4, 20 mmol/L su-
crose, 5 mmol/L ethylenediaminetetraacetic acid, and
protease inhibitors) then homogenized with a motor-
driven Dounce homogenizer. The homogenized tissue
samples were first centrifuged at 500 X g, for 15 minutes
at 4°C. The supernatant was transferred to a fresh tube
and centrifuged for 15 minutes at 10,000 X g at 4°C. After
the second centrifugation step, the supernatant was cen-
trifuged for 60 minutes at 100,000 X g at 4°C. The result-
ing pellet represented the membrane fraction and was
resuspended in homogenization buffer containing 1%
Triton X-100, incubated on ice for 15 minutes, and cen-
trifuged at 13,000 rpm for 15 minutes at 4°C. The protein
concentration of supernatant containing the membrane
fraction was determined using a protein assay kit from
Bio-Rad (Hercules, CA) based on the Bradford assay.
Membrane protein preparations were combined with a
reducing sodium dodecyl sulfate sample buffer and
boiled for 10 minutes. After brief centrifugation the super-
natant was separated on a gradient 3 to 8% Novex poly-
acrylamide gel (Invitrogen) and transferred to a polyvi-
nylidene difluoride membrane (Immobilon; Millipore,
Billerica, MA) in 1X Novex transfer buffer (Invitrogen)
containing 10% methanol and 0.1% sodium dodecy! sul-
fate. Prestained molecular weight markers were used
(New England Biolabs, lpswich, MA). The membrane was
blocked for 1 hour at room temperature in 5% low-fat dry
milk powder/0.1% Tween 20/1X phosphate-buffered sa-
line (PBS) and then incubated with primary antiserum
(pep7/4b, diluted 1:200 in blocking solution; P5/P6, di-
luted to 1:1000 in blocking solution) for 2 hours at room
temperature. The membranes were washed with 0.1%
Tween 20/1X PBS, five times each for 15 minutes and
then incubated with horseradish peroxidase-linked anti-
rabbit IgG secondary antibody (diluted 1:5000 in block-
ing solution; Jackson ImmunoResearch Laboratories,
West Grove, PA) for 1 hour at room temperature. The
membranes were washed for a further five times, 15
minutes each in 1X PBS/0.1%Tween-20. Antigen-anti-
body complexes were visualized using a chemilumines-

cence detection kit (ECL chemiluminescence, Amersham
Biosciences).

Immunocytochemistry

COS7 cells were transiently transfected with epitope-
tagged fibrocystin construct and cultured on glass cov-
erslips. The cells were washed with 1 PBS/100 mmol/L
CaCl,/1 mmol/L MgCl,, fixed in Bouin's reagent (15%
saturated picric acid, 3.7% formaldehyde, 0.1 mol/L so-
dium phosphate, pH 7.4) for 20 minutes, washed thor-
oughly with PBS, and permeabilized in 0.2% Triton
X-100/1X PBS/2% bovine serum albumin for 30 minutes
before incubation with anti-FLAG (1:200; Sigma, St.
Louis, MO), rat anti-HA (1:100, Sigma) and anti-fibrocys-
tin pep7/4b (1:300) antibodies for 2 hours at room tem-
perature in 2% bovine serum albumin/1Xx PBS. The cov-
erslips were washed in high-salt PBS, two times for 5
minutes each and then 1X PBS buffer for a further 5
minutes before adding the fluorescence-conjugated sec-
ondary antibodies. The cells were washed three times for
5 minutes each in 1X PBS before being mounted in
Vectashield DAPI-containing mounting medium (Vector
Laboratories, Burlingame, CA). Analysis of the immunoflu-
orescence staining was performed using a Axiophot confo-
cal microscope (Carl Zeiss, Thornwood, NY) and an Eclipse
Te2000U fluorescence microscope (Nikon, Toyo, Japan).

Immunohistochemistry

Mice were anesthetized by intraperitoneal injection of
sodium pentobarbital. The tissues were cleared with PBS
and fixed with 4% paraformaldehyde by cardiac perfu-
sion. The kidneys and liver were extracted and prepared
by paraffin embedding or cryosectioning. For the latter,
tissues were equilibrated in 30% sucrose overnight and
then frozen in liquid nitrogen. Five-um sections were cut
and used for immunohistochemical analysis. Sections
were washed in 1X Tris-buffered saline (TBS) for 15
minutes and incubated in 0.1% sodium borohydride for
30 minutes. The sections were rinsed in 1X TBS then
treated with 1% sodium dodecyl! sulfate for 5 minutes.
After washing, the sections were blocked for 1 hour in
0.2% bovine serum albumin/1X TBS/10% goat serum.
The primary antibodies were incubated overnight in block-
ing solution at 4°C. The following day the sections were
rinsed in 1X TBS, three times for 5 minutes, then incubated
with secondary antibodies conjugated with CY3 or fluores-
cein isothiocyanate. Sections were mounted in Mowiol and
analyzed using a Zeiss Axiophot confocal microscope.

Immunogold Labeling

Tissues were prepared as for immunohistochemistry and
then cut into 30-um sections and incubated in 0.1%
bovine serum albumin/1X TBS/10% goat serum for at
least 30 minutes. The sections were incubated overnight
with primary anti-fibrocystin antibody (1:50) diluted in
blocking solution. The sections were washed in high-salt
TBS before adding the gold-conjugated secondary anti-



body (1:20) and incubated overnight at 4°C. Sections
were washed six times in 1X TBS throughout a period of
1 hour and then fixed in 1.5% gluteraldehyde/100 mmol/L
cacodylate buffer/5% sucrose for 1 hour. The samples
were washed again in 1X TBS, three times for 5 min-
utes. Palade’s osmium tetroxide solution (veronal ace-
tate-buffered 1% osmium tetroxide) was added for 1
hour on ice in a dark chamber, washed in distilled
water and then immersed in veronal acetate buffer for
1 hour. The sections were washed in 1X TBS, three
times for 5 minutes then dehydrated and embedded.
Ultra-thin 80-nm sections were cut and stained with
uranyl acetate and lead citrate and examined with a
Zeiss EM910 electron microscope.

Serum Biochemical Analysis

Adult mice were anesthetized by an intraperitoneal injec-
tion of pentobarbital sodium and weighed. Blood sam-
ples were obtained by cardiac puncture, and serum was
prepared by centrifugation at 6000 rpm for 10 minutes at
4°C and frozen. All serum biochemical measurements
were performed in the National Institute of Diabetes and
Digestive and Kidney Disease-funded Yale Mouse Phe-
notyping Core (Yale University, New Haven, CT).

Statistical Analysis

The Student’s t-test was used to determine the statistical
differences between various experimental and control
groups. The difference was considered statistically sig-
nificant when *P < 0.05 or **P < 0.01.
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Results
Generation of Pkhd19®* Mice

Atargeting construct was designed to inactivate Pkhd1 in
the mouse by disrupting exon 4 of the gene (Supplemen-
tary Figure 1, see http.//ajp.amjpathol.org). This mutation
resulted in a deletion of the splice donor site of exon 4;
skipping of exon 4 would produce an out-of-frame splice
product from exon 3 to exon 5. Mice homozygous for the
mutant Pkhd19¢* alleles were born on a mixed C57BL6/
129Sv background with expected Mendelian ratio (104 of
441: 23.5%). Pkhd19€#/9¢4 mice grew and developed
normally and lived to at least 16 months of age.

mRNA transcripts were analyzed from kidneys and
livers of both control and Pkhd719¢#9¢ animals in the
region encompassing exons 1 to 6 using RT-PCR. The
expected 580-bp product from amplification of the wild-
type allele was observed in control mice; however, am-
plification of the mutant allele from tissues of Pkhg19e!4/del4
mice yielded the 380-bp product expected from exon 4
skipping, as well as a 440-bp product (Figure 1A). Se-
quencing confirmed that the 380-bp product represents
the exon 3 to 5 out-of-frame transcript (exon 3/5) leading
to premature termination. The 440-bp band was the result
of activation of a cryptic donor splice site in exon 4 and
represented an in-frame transcript from within exon 4 to
the consensus acceptor splice site of exon 6. Sequence
analysis shows that the predicted protein product con-
tains a 66-amino acid deletion (exon 4trunc/6) (Figure
1A). Quantitative real-time PCR showed that the expres-
sion of the mutant exon 4trunc/6 in-frame product in
Pkhd19e#94 Kidneys was ~30% of the exon 4/5/6 prod-
uct in wild type kidneys (Figure 1B, top). Furthermore,

Figure 1. Analysis of the Pkbdl transcript in
PRhd 19! kidney and liver tissues. A: Detection
of an alternatively spliced transcript in the Pkhd 1%
der mice. RT-PCR products were amplified using
primers designed against exon 1 (forward primer)
and reverse primer in exon 6. Schematic diagram of
the products generated in the Pkhd17#“% mice
compared to the wild-type mice. The insertion of the
Neo cassette in exon 4 is represented by the gray
box. The 580-bp product represents the wild-type
transcript exon 4/5/6 encompassing amino acids 60
to 132. The bold amino acids represent the coding
region from exon 4, and the bold italicized amino
acids represent the coding region from exon 6. The
440-bp product represents the exon 4trunc/6 tran-
script lacking exon 5, deleting 66 amino acids. The
smaller 380-bp PCR fragment producing the exon
3/5 transcript resulting in a frameshift product. B:
Quantitative RT-PCR analysis of kidney samples from
wild-type and Pkbd1%/¥4!* mice. The top panel
uses an exon 4-specific TagMan probe (Supplemen-
tary Table 1, see htip:/ajp.amjpathol.org) to amplify
the exon 4-containing products from both wild-type
(exon 4/5/6) and mutant mice (exon 4trunc/6) to
show ~70% reduction of the mutant in-frame tran-
script compared to wild-type. The bottom panel
indicates that the level of expression of the out-of-
frame exon 3/5 transcript is ~10% of the level of the
inframe exon 4trunc/6 transcript in Pkbd 19!
kidneys. Differences were significant 2 < 0.05 (*)
and P < 0.005 (**) by paired Student’s #test. For each
data point, 7 = 4.

. Exon 4/5/6
7/, Exon 4trunc/6

% Exon 4trunc/6
W Exon 35
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Figure 2. Histological analysis of Pkbd1%!#“! Jivers and pancreas. A: Mallory trichrome staining of 2-week-old Pkbd19!#“¢!% |iver. B-D: H&E staining of
Plkhd19¢'%@!% Jiver at 3 months (B) and at 12 months (C, D). E: Mallory trichrome staining of Pkbd 19V liver at 12 months. F: H&E staining of 12-month-old

wild-type bile ducts indicated by the asterisk. G: Grossly cystic pancreas from a 3-month-old Pkhd

79del animal. H and I: Mallory trichrome staining of the

pancreas from 6-month-old wild-type (H) and Pkhd19¢'##!* (I) mice showing pancreatic ductal dilatation in mutant mice. The pancreatic ducts are highlighted
by an arrowhead in H and by an asterisk in I. PV, portal vein. Original magnifications: X400 (A, D, F); X100 (B, C, H, D; X40 (E).

expression of the mutant exon 4trunc/6 in-frame product
was 10-fold higher than that of the smaller out-of-frame
exon 3/5 product in mutant mouse kidneys (Figure 1B,
bottom). The latter finding may result from preferential
degradation of the out-of-frame product by nonsense-
mediated mMRNA decay.

Pkhd19e4/9¢14 \jice Develop Liver Cysts
Accompanied by Portal Tract Fibrosis

Cohorts of Pkhd19¢#4e## and control mice were studied
serially at 2 weeks and at 3, 6, 9, and 12 months. Intra-
hepatic bile duct proliferation, with features reminiscent
of von Meyenburg complexes and ductal plate malforma-
tion with bile ducts surrounding the portal vein, was
present as early as 2 weeks (Figure 2A). After 3 months,
the Pkhd19¢#/9¢* mice exhibited progressive liver cyst
formation, accompanied by periportal fibrosis (Figure 2,
B-E). Synthetic and biliary clearance functions of the
liver, as measured by total and direct bilirubin, albumin,
alanine aminotransferase, and alkaline phosphatase,
were not significantly different between wild-type and

Pkhd19e#/9¢4 mice (Supplementary Table 1, see http://
ajp.amjpathol.org). Hence, despite the progressive bile
duct-derived cystic liver disease, normal hepatic functions
were maintained for up to 12 months in Pkhd19e#/@ mice.

Extrahepatic Manifestations of the Pkhd 19
Mutation

Additionally, prominent extrahepatic manifestations in-
volving the pancreas, common bile duct, and spleen
were observed in Pkhd19¢#9¢4 mice. The majority of
Pkhd 19394 mice showed dilatation of the pancreatic
ducts, and 10% (9 of 89) developed large cysts in the
pancreas beginning as early as 1 month of age (Figure
2G). The dilated pancreatic ducts were lined with tall
columnar mucinous epithelia (stained positive for mucin,
data not shown) and showed significant periductal fibro-
sis (Figure 2I). Grossly cystic common bile ducts were
present in 27% (24 of 89) of the mice by 9 months of age.
The frequency of this manifestation was age-dependent
with 38% (21 of 55) of mice aged 9 months or older
having cystic common bile ducts. Splenomegaly was
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Table 1. Absolute Organ Weights (g) of Age-Matched Pkhd19“#“¢"" Mice and Their Littermate Controls
3 months 6 months 12 months
Organ Control (n) Pkhd19ei4/dei4 () Control (n) Pkhd19ei#/dei4 () Control (n) Pkhd19e14/dei4 (17)
Liver 1.0+£0.0(12) 1.5*x0.1(13)* 1.2+£0.1(8) 1.3 £0.1(16) 1.4 +£0.1(18) 3.5 +0.3(37)*

Spleen 0.108 = 0.01 (9)

Kidney 0.271 = 0.039 (12) 0.289 + 0.016 (12) 0.353 + 0.026 (8)

0.164 + 0.028 (10) 0.084 + 0.006 (7) 0.222 + 0.045 (16)* 0.115 = 0.012 (18) 0.358 + 0.049 (36)**

0.33 = 0.018(16) 0.35+0.02(14) 0.5 * 0.022 (36)*

Mean values are accompanied by the standard error; the number of mice per study is noted in parentheses.

*P < 0.05, **P < 0.005.

present in ~50% of the Pkhd194/4¢1# cohorts and began
as early as 3 months, perhaps indicating evolving portal
hypertension (Table 1).

Histological examination of kidneys revealed normal
glomerular and tubular structures up to 12 months of age,
with no apparent renal cysts. No significant elevation in
blood urea nitrogen (BUN) was detected in 12-month-old
homozygous Pkhd1%? mice, indicating preserved renal
function (Supplementary Table 1, see http.//ajp.amjpathol.
org). Pkhd19¢#/9e* mice backcrossed onto a congenic
129/REJ background developed similar phenotypes in
the liver and pancreas as those seen on the mixed back-
ground. Likewise, the kidneys of 129/REJ mice appeared
histologically normal up to 12 months of age. Therefore,
at least on these genetic backgrounds, we observed no
effects of genetic background either on the development
of liver and pancreatic abnormalities or on the absence of
a kidney phenotype.

Fibrocystin Is Found at the Apical Membrane
and Cilia

Given the presence of an in-frame cryptic splice variant
of Pkhd? mRNA resulting from the introduced mutation,
the expression pattern of fibrocystin was investigated in
tissues from Pkhd19#/9¢* mice. In addition to the previ-
ously described P5/P6 antibody directed against resi-
dues 3252 to 3266 (P5) and 3774 to 3785 (P6) of human
fibrocystin, '® the polyclonal antibody pep7/4b, directed
against amino acids 2694 to 2894 in the extracellular
domain of mouse fibrocystin, was generated and char-
acterized. The specificity of the pep7/4b antibody was
evaluated by immunostaining COS7 cells transiently
transfected with the dual epitope-tagged fibrocystin un-
der permeabilized conditions (Supplementary Figure 2,
see http.//ajp.amjpathol.org). In addition, using P5P6 and
pep7/4b antisera, the same >400-kDa band was recog-
nized on immunoblots of cells transfected with a full-
length human fibrocystin with a C-terminal HA epitope
tag (Figure 3A).

Next, the pattern of expression of fibrocystin protein
products in multiple mouse tissues was defined using
both P5P6 and the novel pep7/4b antibodies. The novel
pep7/4b antibody detected the same >400-kDa band as
the P5P6 antisera in membrane protein fractions of
mouse kidney, liver, and heart extracts (Figure 3, B and
C). Migration of this full-length fibrocystin in tissue was
similar to that of full-length fibrocystin in transfected cell
lines (Figure 3A). Additional faster-migrating bands were
detected using both the P5P6 and pep7/4b antisera in a

tissue-specific manner using independent immunoblots
(Figure 3, B and C). Pep7/4b and P5P6 antisera recog-
nized an ~250-kDa band in the kidney, as well as an
~200-kDa band in the heart. Two additional bands of
~280 kDa and 120 kDa were detected by both antisera in
mouse brain. The finding that independently derived
polyclonal antisera recognize the same pattern of frag-
ments in these tissues strongly supports the presence of
tissue-specific variants of fibrocystin.
Immunohistochemical labeling of adult mouse kidney
using pep7/4b showed that fibrocystin is expressed at
the apical membranes of renal collecting ducts as indi-
cated by co-labeling with Dolichos biflorus agglutinin (Fig-
ure 4, A-C). Fibrocystin is not expressed in proximal
tubules (Figure 4, D-F). Fibrocystin expression is also
detectable in Tamm-Horsfall-positive cells of the thick
ascending limb of Henle’s loop (data not shown). In ad-
dition to the apical membrane expression, native fibro-
cystin immunoreactivity co-localizes with the acetylated
a-tubulin signal in the primary cilia of polarized IMCD3
cells grown in culture (Figure 4, G-I) and of normal kidney
tubule cells in kidney sections (Figure 4, J-L). Mutant
fibrocystin in the Pkhd19€#9¢# kidney showed qualita-
tively reduced apical membrane and cilia expression, but
relatively increased cytosolic expression (Figure 4, M-0).
Immunogold electron microscope labeling using the
pep7/4b directed toward predicted extracellular domain

A B C
FL-Pkhd1-HA
-+ -+ - +

Miw w
bl

H LulLi PB K HLulLi P BK

o-HA  0-P5P6 0-Pep7/db 0-P5P6 o-Pep7/db

Figure 3. Characterization of polyclonal fibrocystin antisera by immunoblot
analysis. A: Immunoblot of COS7 cells transiently transfected with the full-
length epitope-tagged Pkbd1 cDNA (+, Fl-Pkhd1-HA) or vector only (—).
The blot was initially probed with polyclonal anti-fibrocystin PSP6 and then
reprobed, after stripping, with polyclonal anti-HA. The same differentially
expressed transfect protein migrating at >400-kDa band was detected by
anti-HA, P5P6, and pep7/4b antisera in the transfected sample lane. B and C:
Immunoblot with polyclonal anti-P5P6 (B) and a parallel immunoblot with
the polyclonal anti-Pep7/4b (C). The slowest migrating band (arrow) de-
tected by both Pep7/4b and P5P6 antisera in kidney, liver, and heart ran at a
migration that it is in the >400-kDa range (B, C). Smaller bands were likewise
detected by both antisera independently in the various tissues, suggesting
that these are true fibrocystin variant species. They are indicated by the
arrowhead for the ~250-kDa band detected in kidney, diamond for the
~200-kDa band in the heart, and asterisk for the two bands, ~280 kDa and
~120 kDa, seen in the brain. H, heart; Lu, lung; Li, liver; P, pancreas; B, brain;
K, kidney.
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Figure 5. Immunogold-labeled fibrocystin is found at the apical membranes of renal collecting ducts and alongside cholangiocyte cilia. A: Immunogold-labeled
anti-pep7/4b particles in the intercalated cell appear on the extracellular aspect of the apical microvillus border (arrows). B: Proximal tubule from the same
electron microscope grid shown with brush border completely devoid of anti-fibrocystin immunogold particles. C: Anti-fibrocystin immunogold particles
alongside the extracellular aspect of a cholangiocyte cilium as well as along the microvilli (arrows). Scale bars =1 wm.

of fibrocystin showed gold particles on the luminal side of
the apical plasma membrane in microvilli of intercalated
cells (Figure 5A) and principal cells (data not shown).
Proximal tubule cells found in the same section and dis-
tinguished by the presence of a brush border, were com-
pletely devoid of gold particles (Figure 5B). In aggregate,
these findings confirm the exclusive expression of fibro-
cystin in distal nephron segments and collecting ducts,
the localization of fibrocystin in the apical plasma mem-
brane, and the topology of the putative extracellular do-
main. Immunogold electron microscopy in the liver
showed fibrocystin-positive gold grains along the extra-
cellular aspect of the ciliary shaft and microvilli of normal
bile duct epithelial cells (Figure 5C), demonstrating fibro-
cystin also traffics to primary cilia.

Expression of Fibrocystin in Bile Ducts of Mouse
Models of Polycystic Liver Diseases

Fibrocystin expression was analyzed in the bile duct cells
of Pkhd19€#/9%% mice, as well as in mouse models of
polycystic liver disease because of mutations in Pkd1
and Pkd2. Mutant fibrocystin is detected in the apical
membranes and cilia of distal nephron segments in
Pkhd19ei#/954 “mice (Figure 4, M-0). Immunostaining
against fibrocystin revealed that the respective wild-type
and mutant fibrocystin proteins are detectable in the
apical membranes and cilia of biliary epithelia of wild-
type and Pkhd199#/9ei4 gystic livers (Figure 6, A-F). How-
ever, the ciliary expression of fibrocystin in cyst-lining bile
duct epithelia of the liver was significantly reduced, with
fibrocystin labeling noted in 134 of 161 acetylated «a-tu-
bulin-positive cilia of wild-type cholangiocytes and in 66
of 180 of mutant cholangiocytes (x* = 72.98, P < 0.001).
These data are consistent with the quantitative reduction
in stable in-frame fibrocystin transcript and qualitative
reduction in protein expression in kidney tubules noted
earlier.

Finally, we investigated whether fibrocystin expression
was altered in cystic epithelia resulting from loss of the
Pkd1 (Figure 6, G-I) or Pkd2 (Figure 6, J-L). Using the
pep7/4b antibody, we found that fibrocystin remained
expressed in the apical membranes and the cilia of bile
duct cyst-lining cells in both mouse models. Conversely,
we investigated expression of the Pkd2 gene product
polycystin-2 (PC2) in the cystic bile duct epithelia of
Pkhd19¢"#/de4 Jiyers and found that the expression of
PC2 in cilia was not altered (Figure 6, M-0O). These
data indicate that, at least at the level of resolution
provided by tissue immunofluorescence, expression
and trafficking of fibrocystin is independent of PC1 and
PC2. Furthermore, PC2 is normally expressed in liver
tissue despite the severe biliary dysgenesis resulting
from mutant fibrocystin.

Discussion

We have generated a mouse model that develops biliary
dysgenesis accompanied by periportal fibrosis as a re-
sult of mutation in Pkhd1. Despite the progressive liver
disease, these mice are viable at 12 months of age with
no apparent decline in synthetic liver function, hence
making it a good model to study the biliary dysgenesis
associated with ARPKD. These mice also develop extra-
hepatic phenotypes involving the pancreas, extrahepatic
bile ducts, and spleen, which occur in a more variable
manner owing to either variable expressivity or possible
genetic background effects.

Pancreatic ductal ectasia was noted in the majority of
the Pkhd19%/4€ mice studied:; however, only 10% of the
mice developed gross pancreatic cysts. Pancreatic ab-
normalities are not commonly associated with the human
form of ARPKD, nor have they been detected in ortholo-
gous rodent models, including the pck rat and a previ-
ously reported mouse model targeting exon 40 of
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Pkhd1.232% However, as in Pkhd19¢2:25 Pkhg19€/5-4 26
and other cilia-related fibrocystic disease models includ-
ing Pkd1,2” Pkd2,2® cpk,?® jcpk,2° orpk,®'2? and inv,®3
pancreatic cysts were also detected in the Pkhd79¢
mutant model. It is possible that the pancreatic pheno-
type in mice reflects some species variation because this
presentation differs from human ARPKD and the pck rat
model, in which kidney and liver phenotypes predomi-
nate and the pancreas does not appear to be affected.®®

The presence of splenomegaly in a large percentage
of the mice may be secondary to portal hypertension,®*3°
which is commonly associated with hepatic fibrosis and
is a clinical manifestation of older patients with ARPKD.®
Extrahepatic bile duct dilatation was seen in more than
25% of the mice studied but increased in prevalence to
~40% in mice 9 months of age and older. Intrahepatic
ductal dilation is mostly associated with  ARPKD and
Caroli’'s disease®®; however, more recent clinical studies
have shown that extrahepatic bile duct dilation can also
be a prominent clinical feature in ARPKD patients.®” Fi-
brocystin is expressed in rat extrahepatic bile duct and it
has been suggested that Pkhd1 plays a role in regulating
the luminal diameter of the extrahepatic bile duct.>” The
intra- and extrahepatic bile ducts and the pancreatic
ducts descend from the same progenitor.®®3° The com-
monality of the fibrocystin-dependent phenotype we find
in these tissues suggests that fibrocystin functions corre-
spondingly in all three tissues of common embryonic
origin.

Surprisingly, the kidneys, the organs predominantly
affected in ARPKD, appear to be normal both at the
functional and histological levels in Pkhd19?# mice. Mu-
tation analyses of ARPKD patients included individuals
with predominant liver disease manifest as congenital
hepatic fibrosis or Caroli’s disease and only mild renal
involvement,®7:10:12=14.40 |0 gych families, the mutations
invariably include at least one predicted amino acid sub-
stitution that may act in a hypomorphic manner. In the
case of the Pkhd19®* mouse model, the transcript bears
a deletion of 66 amino acids that includes part of exon 4
and all of exon 5. The mutant protein is presumed to act
in a hypomorphic manner because the mouse retains
normal renal tubular structure and function yet has ab-
normalities in the liver and pancreas. Interestingly, an-
other published Pkhd7 mouse model, generated by dis-
rupting exon 40, also yielded an in-frame product with the
loss of amino acids 2160 to 2223 and resulted in cystic
liver disease and portal tract fibrosis but no pancreatic or
kidney abnormalities.®* Two other murine models,
Pkhd192 25 and Pkhd19°®=% 26 develop renal cysts but
only in aged mice; none of the orthologous models reca-
pitulate the severe neonatal phenotype seen in humans
suggesting the possibility that species differences may
play a role in the relative resistance of mouse kidneys to
cyst formation because of mutation in Pkhd1. The location
of the mutations in the genes may also affect the severity
of the disease, hence the clinical lesion in mice, and this
is borne out in human studies in which genotype-pheno-
type interactions have been reported.’'~'* Human muta-
tions in the region of the Pkhd19°* mutation have resulted
in severe loss of function. For example, one mutation,
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IVS5 + 1G—T, predicted to result in loss of the exon 5
splice donor site causing aberrant splicing of exon 5 was
found in a child with the severe perinatal lethal presen-
tation associated with presumed complete loss-of-func-
tion alleles.'

In our mouse model, targeting of the 5'region of the
Pkhd1 gene generated the predicted mutant transcript
and an unexpected in-frame splice variant. Alternative
splice forms of the PKHD1 gene have been reported in
both human® and mouse® tissues. In the mouse, it has
been shown by Northern blot analysis and in situ hybrid-
ization that various-sized transcripts were recognized by
different exon-containing probes in a tissue-specific
manner. However, exon 5- and exon 41-containing tran-
scripts were most abundant in the kidney although their
expression differed in other tissues.' Our data would
suggest that exon 5 is not essential for fibrocystin func-
tion in the mouse kidney.

At the protein level, we analyzed fibrocystin expression
using two independently generated polyclonal antisera
directed against extracellular epitopes. These antisera
gave similar patterns of expression in multiple tissues.
Fibrocystin antibodies, pep7/4b and P5P6, recognized a
band migrating at >400 kDa in the kidney, liver, and
heart. In addition, we identified smaller products that
were common to both antisera that appear in a tissue-
dependent manner in the kidney, liver, heart, lung, and
brain. These may represent protein products of tissue-
specific alternate transcripts or posttranslational pro-
cessing such as proteolytic cleavage. Because the level
of fibrocystin protein expression may be developmentally
regulated, Pkhd19¢" mice of various ages were evaluated
ranging from postnatal day 3 up to 1 month of age. We
failed to detect the mutant protein by immunoblot analy-
sis with either of the fibrocystin-specific antibodies. Cou-
pled with the reduced intensity of expression observed in
immunohistochemistry in both kidney and liver, it is likely
that mutant fibrocystin has reduced stability and steady-
state expression because of improper folding and
trafficking.

Using co-localization with nephron segment markers,
we found fibrocystin expression is restricted to the distal
nephron including the thick ascending limb of Henle's
loop and the collecting duct.'®'”2" In the liver, fibrocys-
tin is expressed in intra- and extrahepatic bile ducts. This
expression pattern is consistent with the histopathologi-
cal phenotype of ARPKD. We found the subcellular loca-
tion of fibrocystin is in the apical plasma membrane and
ciliary membrane in kidney tubule and bile duct
cells. 8171921 |n the pck rat, mutant fibrocystin is ex-
pressed in cystic epithelium. However, it does not reach
the cilia, suggesting that improper trafficking of the pro-
tein may lead to cyst formation.'® In the liver cyst-lining
epithelium of the Pkhd719¢4/9¢* mouse, fibrocystin was
detected both at the apical membrane and in cilia. Pro-
tein dosage effects and the presence of a hypomorphic
product may result in cystogenesis because of a possible
functional threshold effect. It has been shown that
whereas embryonic lethality occurs with complete Pkd1
inactivation in mice,?” the reduction in Pkd7 gene dosage
is sufficient to initiate cystogenesis in the kidney.*'42
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Reduced functional protein may be sufficient for the kid-
ney to retain normal structure, but not the liver or pan-
creas. Either reduced levels below a certain threshold or
reduced or lost function despite proper organellar loca-
tion may underlie the biliary dysgenesis in our model.

Many of the cystic disease-related proteins have been
localized to cilia or basal bodies. PC1 and PC2 have
been shown to interact via their C termini*® and play a
role in sensing fluid flow and transducing Ca®"-depen-
dent signals from the cilium to the cell.** Fibrocystin is
localized to the cilium and has been recently found in the
same protein complex as PC2.'®4° This suggests that
fibrocystin and the autosomal dominant disease proteins
may share a common pathway. We addressed the ques-
tion whether lack of PC1 or PC2 might influence location
or level of fibrocystin expression by examining fibrocystic
expression in orthologous cystic models because of mu-
tation in either Pkd1 or Pkd2. Fibrocystin traffics to the
apical membrane and primary cilia in bile duct cystic
tissue lacking PC1 or PC2. Conversely, at least for PC2,
expression and trafficking is independent of fibrocystin
mutation in cystic bile ducts. These data suggest that
fibrocystin and polycystin functions are not interrelated at
the level of protein trafficking and cilia location.

In aggregate, we have generated a mouse model that
resembles the presentation of ARPKD predominated by
congenital hepatic fibrosis. Our data suggest that the
Pkhd19 allele results in insufficient functional protein, at
least in bile duct and pancreatic duct epithelia, despite
trafficking to the apical membrane and cilia. The
Pkhd19¢ allele provides a useful model to study the
pathogenesis of the biliary dysgenesis associated with
ARPKD, and combination of this allele with other hypo-
morphic fibrocystin alleles may shed further light on the
role of mouse fibrocystin in kidney cyst development.
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