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Mouse models for autosomal-dominant polycystic
kidney disease (ADPKD), derived from homozygous
targeted disruption of Pkdl gene, generally die in
utero or perinatally because of systemic defects. We
introduced a loxP site and a loxP-flanked mcI-neo
cassette into introns 30 and 34, respectively, of the
Pkdl locus to generate a conditional, targeted muta-
tion. Significantly, before excision of the floxed ex-
ons and mcI-neo from the targeted locus by Cre re-
combinase, mice homozygous for the targeted allele
appeared normal at birth but developed polycystic
kidney disease with a slower progression than that of
Pkd-null mice. Further, the homozygotes continued
to produce low levels of full-length PkdI-encoded
protein, suggesting that slight Pkd1 expression is suf-
ficient for renal cyst formation in ADPKD. In this
viable model, up-regulation of heparin-binding epi-
dermal growth factor-like growth factor accompanied
increased epidermal growth factor receptor signal-
ing, which may be involved in abnormal prolifera-
tion of the cyst-lining epithelia. Increased apoptosis
in cyst epithelia was only observed in the later period
that correlated with the cyst regression. Abnormali-
ties in Na*/K*-ATPase, aquaporin-2, and vasopressin
V2 receptor expression were also identified. This
mouse model may be suitable for further studies of
progression and therapeutic interventions of ADPKD.
(Am J Pathol 2006, 168:205-220; DOI: 10.2353/ajpath.20006.
050342)

Autosomal-dominant polycystic kidney disease (ADPKD)
is one of the most common life-threatening inherited dis-
eases, characterized by the development of gradually
enlarging renal cysts and a progressive loss of normal
kidney tissue that can lead to chronic renal failure. It
affects between 1 in 600 and 1 in 1000 live births in all
ethnic groups worldwide. Cysts in the liver, pancreas,
and spleen as well as a variety of cardiovascular, cere-
brovascular, and connective tissue abnormalities are
also common.” The fluid-filled cysts in an affected kidney
are lined by monolayer epithelial cells derived from every
segment of the nephron, but predominantly from the col-
lecting duct.? The pathogenesis of the renal cyst forma-
tion and progression is currently thought to involve 1)
dysregulated epithelial cell proliferation and differentia-
tion, 2) alternations in specific membrane protein polarity,
3) changes in cell-matrix interactions, and 4) abnormality
in fluid accumulation.® Since there is currently no effec-
tive treatment for ADPKD except for dialysis and renal
transplantation, much attention has been focused on un-
derstanding the molecular mechanism underlying the
pathogenesis of renal cyst expansion.

Throughout the past decade, the mutated genes re-
sponsible for ADPKD were identified by positional clon-
ing strategies. In most cases, ADPKD is recognized as a
monogenic disorder caused by mutation in two genes:
PKD1, accounting for ~85% of cases; and PKD2, ac-
counting for ~10% of cases.*~" Most mutations identified
in affected families appear to inactivate the PKD genes.
However, patients with ADPKD are heterozygotes, having
inherited one mutant and one normal allele of the PKD7 or
PKD2 genes. Studies of cyst-lining epithelial cells iso-
lated from individual cysts in both disorders have dem-
onstrated loss of heterozygosity at the wild-type PKD1
allele®® that has led to a two-hit mechanism for cyst
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formation. This mechanism requires not only a germ-line
mutation of PKD17 or PKDZ2 but also an additional somatic
mutation in the wild-type gene to initiate the formation of
cysts. Briefly, loss-of-function mutations in both alleles of
either PKD1 or PKD2 are necessary and sufficient for
renal cyst formation in ADPKD. The results of animal
studies also support the two-hit mechanism because
mice heterozygous for targeted disruption of either Pkd1
or Pkd2 develop late-onset renal cysts, whereas homozy-
gous animals die in utero or perinatally with severe cystic
disease.'®~'? This mechanism would explain the late age
of onset in ADPKD and the focal nature of epithelial cells
giving rise to cysts. Although such second hits do indeed
occur within individual cysts, the frequencies are low
(between 17% and 24% in PKD1).8'3 In addition, the
germ line wild-type PKD1 is still expressed continuously
in most cyst epithelial cells of kidneys from ADPKD pa-
tients having inherited one mutant PKD1 allele.’* The
evidence suggests that the majority of somatic mutations
in PKD1 are likely to be missense changes if the two-hit
mechanism is operational. In the present study, we found
that only partial inhibition of Pkd7 expression was suffi-
cient for renal cyst formation in mice, suggesting the
other possible mechanism that any actions hampering
the expression and/or biological function of PKD71 may
initiate the renal cyst formation in ADPKD. Complete loss-
of-function in either PKD1 or PKD2 may not be strictly
required for development of the common ADPKD.

Polycystin-1, the novel protein encoded by PKD1, is a
large (>460 kd) membrane protein of ~4300 amino acids
with 11 transmembrane domains. Its extensive extracel-
lular amino terminus contains a number of adhesive do-
mains that implicate polycystin-1 in cell-cell and cell-
matrix interactions.®>>® The short intracellular carboxyl
terminus of the protein has a G protein binding site and
many sites for phosphorylation that could respond to
regulators of signal transduction, as well as a coiled-coil
domain that is in physical interaction with PKD2-encoded
polycystin-2.2'% Polycystin-2 is also a membrane protein,
with six transmembrane domains, that functions as a
Ca®*-permeant cation channel and has significant ho-
mology with the transient receptor potential family
(TRP)."® Recent studies have shown that polycystin-1
and polycystin-2 are interacting partners within a recep-
tor-ion channel complex in which polycystin-1 acts as a
receptor that gates Ca®*-permeant polycystin-2 chan-
nels.'® This polycystin complex has been found in pri-
mary cilia and basolateral membrane of renal epithelial
cells, where it may participate in sensing fluid shear
stress and cell-cell/matrix interaction, respectively.'”®
However, the diverse functions of the polycystin complex
are not fully characterized, and its roles in the process of
renal cystic transformation are still under extensive
investigation.

Polycystin-1 and -2 are widely expressed in fetal and
adult tissues,” ' and their expressions are developmen-
tally regulated.?®?' Homozygous mutant mice with tar-
geted disruption of either Pkd gene generally die in utero
or perinatally with cardiac septal defects, bone abnor-
malities, and severe cystic manifestations in nephrons
and pancreatic ducts.'®'"22 These previous studies

confirm the requirement of either Pkd gene during em-
bryonic development.

Animal models are important tools in experimental
medical science to understand better the pathogenesis
of human diseases and to test therapeutic approaches.
Currently, no mouse model for the most common and
severe form of ADPKD derived from targeted disruption
of Pkd1 is viable and amenable for further investigation.
In the experiments described herein, we used homolo-
gous recombination to introduce a Neo cassette into
intron 34 of mouse Pkd1 to partially inhibit its expression.
The mouse homozygotes appear normal at birth but still
have small renal cysts. Cyst enlargement and interstitial
fibrosis are developed later, recapitulating the phenom-
ena in the human ADPKD. The resulting mouse models
for ADPKD are viable and suitable for advanced studies
in the future.

Materials and Methods

Generation of Pkd1 Gene Targeting Mutant
Mice and Breeding Scheme

A targeting plasmid was constructed using genomic DNA
fragments derived from 129/0Ola mouse strain. A loxP site,
which has a neomycin cassette flanked by two loxP sites,
and a thymidine kinase cassette were introduced into the
Pkd1 locus (Figure 1A). Embryonic stem (ES) cell (line
E14) electroporation, selection, and screening were per-
formed using standard gene targeting techniques.
Briefly, genomic DNA was isolated from neomycin and
gancyclovir double-resistant ES cell clones and
screened for a specific targeting event by polymerase
chain reaction (PCR) using a forward primer outside the
targeting vector and downstream of exon 36 (5'-
CAAAGCCCTGACTATCCATTGG-3') and a reverse
primer in the neo sequence (5'-CCTCTTGAAA-
ACCACACTGCTCG-3'). The correct targeting of PCR-
positive clones was confirmed by Southern blot analysis.
For this analysis, 10 ug of DNA from selected clones was
digested with Xbal, and DNA was electrophoresed and
transferred onto nylon membranes using capillary trans-
fer. Blots were hybridized with P32-labeled probe exter-
nal to the targeting vector (Figure 1A). Blots were also
hybridized with neo-specific probes to verify the absence
of additional random integration of the targeting vector.
To demonstrate the presence of the loxP in intron 30, one
set of primers located upstream from the loxP site (5'-
GGTAGGTCCTGTGAGGTTTGCTG-3") and neo (5'-GC-
CTTCTATCGCCTTCTTGACG-3") were used. All of the
PCR products amplified from positive clones were con-
firmed by sequencing. Positive clones were injected into
C57BL/6 blastocysts to generate chimeras. The chimeras
that were derived from C57BL/6 blastocysts were bred
with C57BL/6 or FVB inbred strain mice. Homozygotes
were generated by a cross between F1 heterozygotes,
and heterozygotes and homozygotes were determined
by Southern blot or PCR of tail genomic DNA.
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Figure 1. Targeting of the PkdI locus by homologous recombination and
expression of Pkd1 in targeted mutants. A: Structure of wild-type and tar-
geted Pkd1 L3 alleles. The exons are numbered and depicted by filled
boxes: B, BamHI; X, Xbal; A, Aflll. An inverted mcl promoter-driven
neomycin resistance gene (mcl-neo), flanked by two loxP sites (filled
triangles), was inserted into intron 34 of Pkd1. The third loxP site was
inserted into intron 30 of Pkd1. A phosphoglycerate kinase (pgk) promoter-
driven thymidine kinase gene (tk) was used for negative selection. Single
arrows indicate the direction of transcription. Diagnostic restriction en-
zymes, probe for Southern blotting, and primers for PCR analysis are indi-
cated. B: Southern blot analysis of targeted mouse mutants. DNA isolated
from F2 littermates derived from intercrossing of F1 heterozygotes was
digested with Xbal and hybridized with the probe outside the targeting
vector. The 4.2- and 5.5-kb bands correspond to wild-type and mutant
alleles, respectively. C: RT-PCR of Pkd1 transcripts in the wild-type (+/+),
heterozygous (L3/+), and homozygous (1L3/L3) kidneys using primer sets
F6/B11 and F33/B37 (see Experimental Procedures for primer information).
Amplification of B-actin shows the equivalence of the RNA loading and
amplification. D: Western blot analysis of membrane fraction from kidneys.
Polyclonal antibodies against a peptide corresponding to amino acids 866 to
882 of murine polycystin-1 (PC1) detect a prominent ~460-kd band in
wild-type (+/+) and heterozygote (L3/+) and is faint in the homozygote
(L3/L3) mutants. B-Actin was used as a control for equal loading of protein.
The intensity of the ~460-kd band relative to B-actin is shown in a chart on
the right. The number of mice analyzed was n = 6 for each genotype. *P <
0.01 compared with wild-type or heterozygous mice, using Kruskal-Wallis
test. All results are representative of at least three mice per genotype in two
independent experiments.

(+1+) (L3/+)  (L3L3)

Reverse Transcriptase (RT)-PCR Analysis

RT-PCR analysis was performed with 4 ug of total RNA
extracted from various organs. First-strand cDNA was
synthesized by Super Script Il RT (Gibco BRL, Eggen-
stein, Germany) with 25 ng of oligo(dT)4,.5 primer and
200 U of Super Script Il per reaction. Samples (5 ul) of the
RT reaction were used in a 100-ul PCR reaction. Two sets
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of primers were used for analysis of the Pkd1 transcript.
Set 1, F6 in exon 6 (5'-AAGCACAGGAGCAATGTCG-
GAC-3’) and B11 in exon 11 (AATGAGGTCACCAGG-
GAGCATAGG-3') amplified an 839-bp fragment from the
wild-type Pkd1 transcript. Set 2, F33 in exon 33 (5'-
GGAAGATGGTGCCTCTCTGGTTAG-3') and B37 in exon
37 (5’-CACACGCTCACTTACAGGGGTTAC-3") amplified
a 583-bp fragment from the wild-type Pkd1 transcript. A
set of primers was used for analysis of the EGF transcript;
5'-TCCGTCCGTCTTATCAGGCATC-3" and 5'-GGCA-
CATTCATTGACATCTTCGC-3" amplified a 375-bp frag-
ment. Another set of primers was used for analysis of the
heparin-binding epidermal growth factor (HB-EGF)
transcript; 5’-AAGTTGCTTTCTCCTCCAAGCC-3" and
5"-CCACGATGACAAGAAGACAGACG-3" amplified a
321-bp fragment. Each transcript from various geno-
typed mice was cloned and sequenced by the dideoxy
method.

Antibodies

We generated rabbit polyclonal antibodies specific for
mouse polycystin-1 using a segment of the first extracel-
lular PKD domain polypeptide (containing amino acids
866 to 882 of murine polycystin-1), as described in a
previous study.'® The peptide was also conjugated to
NHS-activated Sepharose 4B (Amersham Biosciences,
Uppsala, Sweden) for affinity purification of these poly-
clonal antibodies. A rabbit antiserum to Tamm-Horsfall
glycoprotein was purchased from Biomedical Tech-
nologies Inc. (Stoughton, MA). A purified rabbit antibody
to lysozyme was purchased from DakoCytomation
(Glostrup, Denmark). Mouse monoclonal antibodies
against erb-B2, Na*/K*-ATPase a1-chain, and prolifer-
ating cell nuclear antigen were purchased from Upstate
Biotechnology (Lake Placid, NY). Mouse monoclonal an-
tibodies against a-smooth muscle actin (a-SMA), Na*/
K*-ATPase B2-chain, B-actin, Grb2, and Shc were pur-
chased from BD Biosciences (Franklin Lakes, NY).
Affinity-purified rabbit antibodies against EGF receptor
and phospho-EGF receptor were purchased from Cell
Signaling Technology (Beverly, MA). Affinity-purified goat
polyclonal antibodies to aquaporin-2 were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). A
rabbit antiserum to Na®/K*-ATPase B1-chain was pur-
chased from United States Biological (Swampscott, MA).

Western Blot Analysis

For Western blot analysis, total protein was measured by
Bio-Rad protein assay (Hercules, CA), for which 50 ug/
lane of membrane and cytosol fractions from various
tissue extracts were separated on sodium dodecyl sul-
fate-polyacrylamide gels at 80 V at room temperature.
Protein was transferred onto polyvinylidene difluoride
membrane at 35 V for 16 hours at 4°C in Tris-glycine
transfer buffer. The membrane was blocked with 5%
nonfat dry milk in Tris-buffered saline containing 0.1%
Tween-20 and incubated with primary antibodies. The
immunoreactive protein was captured by horseradish
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peroxidase-conjugated secondary antibodies and was
detected by enhanced chemiluminescence.

Histology and Immunohistochemistry Studies

For histological analysis, specimens were fixed in forma-
lin, embedded in paraffin, sectioned at 4 um, and stained
with hematoxylin and eosin (H&E) as well as Masson’s
trichrome for light microscopic examination. For immuno-
staining, a standard immunoperoxidase protocol (Vec-
tastain ABC kit; Vector Laboratories, Burlingame, CA)
was used. After blocking with goat serum, sections were
incubated with primary antibodies for 1 hour at room
temperature, rinsed in phosphate-buffered saline, incu-
bated with biotinylated goat anti-rabbit or anti-mouse
secondary antibodies, rinsed, then incubated with
streptavidin-conjugated peroxidase, rinsed, then incu-
bated with 3-amino-9-ethyl-carbazole or diaminobenzi-
dine as a chromogen, counterstained with hematoxylin,
and examined by light microscopy. For specific labeling
of the collecting duct, sections were directly incubated
with biotinylated Dolichos biflorus lectin (purchased from
Vector Laboratories), rinsed, and then incubated with
streptavidin-conjugated peroxidase. For morphometric
analysis of the interstitial fibrosis in the kidney, a standard
point-counting method was used to quantitate the matrix
score for a-SMA expression in the renal interstitium.
Briefly, under high magnification (x200), 12 nonoverlap-
ping fields from each renal section were immunostained
with a-SMA and photographed. A grid containing 100
(10 X 10) sampling points was superimposed on each
photograph. Points falling on cystic cavities, glomerular
structures, or large vessels were excluded from the total
count. The staining scores of interstitial a-SMA expres-
sion were assessed by the number of points overlying
positive a-SMA expression and then converted to a
percentage.

Apoptotic Index: Terminal dUTP Nick-End
Labeling (TUNEL) Assay

For each genotype, 4-um-thick sections of formalin-fixed
renal tissue from 3-month-old mice were deparaffinized
and hydrated in graded alcohols. After digestion in pro-
teinase K and immersion in 2% H,O,, sections were
incubated with 10 umol/L biotin-16-dUTP and 0.2 U/ul
TdT in TdT buffer [80 mmol/L Tris-HCI (pH 7.2), 140
mmol/L sodium cacodylate, 1 mmol/L cobalt chloride].
The enzymatic reaction was stopped by immersion in TB
buffer (300 mmol/L sodium chloride, 30 mmol/L sodium
citrate). After incubation with 2% bovine serum albumin,
labeled nucleotides were reacted with avidin/biotin com-
plex (Vectastain; Vector Elite, Burlingame, CA), followed
by visualization with 3,3’-diaminobenzidine and counter-
stained with periodic acid-Schiff. Apoptosis was quanti-
tated by averaging the number of stained nuclei per
cystic and noncystic tubule in a minimum of 500 tubular
epithelial cells/kidney.

Results

Generation of a Floxed Allele of Pkd1 for Cre-
Mediated Conditional Knockout in the Mouse

Consistent with the broad expression of Pkd1 during early
organogenesis, mice homozygous for targeted disruption
of Pkd1 exhibit developmental abnormalities causing em-
bryonic or perinatal lethality.'®""?22% The complex renal
and extra-renal phenotypes of the Pkd7-targeted mutants
obstruct further investigation at later stages of develop-
ment and mask direct from indirect consequences of
Pkd1 inactivation. To circumvent this limitation, we first
created a floxed Pkd7 mouse for conditional inactivation
of polycystin-1 by Cre/loxP-mediated gene targeting. The
targeted strategy and genotype analysis of the ES clones
and mice are summarized in Figure 1, A and B. A single
loxP site was inserted into intron 30, and a loxP-flanked
mc1-neomycine (mc1-neo) cassette was inserted into
intron 34 in reverse orientation relative to the targeted
Pkd1 gene. The linearized targeting vector was intro-
duced into E14 ES cells by electroporation, and 279
colonies resistant to G418 and gancyclovir were se-
lected. Sequencing of PCR products formed by primers
outside the 3" end of the short homologous arm and in the
neo gene identified 21 independent ES cell clones with
Pkd1 targeted by homologous recombination. All these
positive clones were double-checked by Southern blot
analysis with a 3’-external probe. The presence of the
loxP site in intron 30 of the targeted allele was confirmed
in 15 clones by sequencing of the PCR products formed
by primers 5" upstream from the loxP site and in the neo
gene. The remaining six clones contained only the loxP-
flanked mc7-neo cassette in intron 34 of the targeted
Pkd1 allele (Lneo). Two independent clones (no. 175 and
no. 186) with the neo gene and all three loxP sites in the
targeted allele (L3) were injected into C57BL/6 blasto-
cysts and implanted into pseudopregnant females. The
resulting chimeric mice, with >80% of the agouti coat,
were crossed with C57BL/6 or FVB mice to produce
Pkd1-*" F1 progeny. The phenotypes described below
were not significantly influenced by genetic background.
Most of the phenotypic analyses were performed with
C57BL/6-129 background.

Characterization of Pkd1->"3 Mice

Pkd1-%"* F1 progeny derived from clone no. 175 were
intercrossed and the F2 progeny were genotyped at 3
weeks of age (Figure 1B): 58 wild-type (Pkd1™™"), 114
Pkd1-%* and 54 Pkd1-%-% animals are shown. Genotyp-
ing of the clone no. 186 F2 progeny showed 11 Pkd1™/*,
25 Pkd1-%* and 13 Pkd1-%t% animals, similar to clone
no. 175 F2 progeny. The ratio of Pkd1*/*:Pkd1-¥":
Pkd1-%53 in either of the mouse lines did not differ sig-
nificantly from the 1:2:1 ratio expected for a nonlethal
mutation. Most of the phenotypic analyses were per-
formed with the no. 175-derived mouse line, but identical
results also were obtained with the no. 186-derived line.
RT-PCR of total RNA from 30-day-old Pkd1™*, Pkd1-%"*,



and Pkd1-*"% mice, using 5'-exon 33 primer (F33) and
3'-exon 37 primer (B37), revealed only a single DNA
band of predicted size for wild-type transcript in mRNA
from all three genotyped mice (Figure 1C). DNA se-
quences of these RT-PCR products were identical, sug-
gesting that the mc7-neo cassette in reverse orientation
within intron 34 is not spliced into the Pkd1 transcript of
the Pkd1 L3 allele. Interestingly, the transcript was ex-
pressed at a lower level in homozygotes after normaliza-
tion with B-actin expression. RT-PCR analysis using the
other set of primers located in exons 6 (F6) and 11 (B11)
also showed a similar result (Figure 1C). To determine
whether the protein level of polycystin-1 was also de-
creased in homozygous mutants, we performed Western
blot analysis with a polyclonal antibody directed against
the extracellular first PKD domain of mouse polycystin-1.
A strong immunoreactive band of ~460 kd was detected
in wild-type and heterozygous mice, and once again the
intensity of this band showed a fourfold to fivefold de-
crease in homozygous mutants (Figure 1D). These re-
sults indicate that the insertion of the mc7-neo into intron
34 causes a significant disturbance but does not com-
pletely abrogate in Pkd1 expression.

Development and Progression of Kidney Cystic
Disease in Pkd1-*-% Mice

Unlike the previously established homozygous mutants
with targeted disruption of Pkd7, the Pkd1-*t% mice ex-
pressing a low level of polycystin-1 appeared normal at
birth with no gross anatomical abnormality (Figure 2A).
The short stature, distended abdomens, and massively
enlarged cystic kidney were not exhibited until several
days after birth (Figure 2). A total of 104 Pkd1-%% and 46
Pkd1-%* mice (age range, 1 to 360 days) were examined
for kidney size and cystic lesions in their pancreas and
liver, as well as the size of their heart and lungs. Grossly,
the kidneys of the Pkd1-*+% mice enlarged rapidly during
the first 30 days and gradually shrunk in volume by more
than 50% thereafter, resulting in a bumpy and distorted
appearance (Figure 2, E-H). We also successively mea-
sured the abdominal girth, an indirect indicator of kidney
size, of the Pkd1-%"~3 mice for 6 months. Coinciding with
the finding of kidney size variations, the abdominal girths
also rapidly increased during the first 30 days after birth
and subsequently decreased. The massive translucent
cysts in bilateral kidneys were grossly identifiable under
general illumination in all examined Pkd1-%-% mice older
than 14 days (Figure 2E). However, this renal cystic dis-
ease was never found in Pkd7-%* mice. To determine the
development and progression of the polycystic kidney
diseases in Pkd1-*% mice, we examined the kidney
sections at embryonic days 13.5, 15.5, and 18.5, and
postnatal days 1, 7, 14, 30, and 120 (n = 6 at each age).
Histologically, cystic dilation of renal tubules in outer
medulla was first noticed at E15.5 (Figure 3A), consisting
with the finding in Pkd7-null embryos. This was followed
by progressive dilatation and cyst formation in renal tu-
bules of the inner medulla and cortex (Figure 3, C and E).
The number and size of the cysts increased with age until
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Figure 2. Postnatal growth retardation and kidney enlargement in Pkd7"3"3

mutant mice. A-D: Overall appearances of Pkd1"*"* mutant mice and their
control littermates at postnatal day 1 (A; D1), day 14 (B; D14), day 30 (C;
D30), and day 120 (D; D120) are shown. The growth retardation and
abdominal distention of Pkd 7" mutant mice were first noticed at postnatal
day 14. E-H: Gross morphologies of the kidneys of Pkd1***? mutant mice
and their control littermates at postnatal day 14 (E; D14), day 30 (F; D30), day
120 (G; D120), and day 360 (H; D360) are shown. The kidney enlargement
in Pkd1"**? mutant mice was first observed at postnatal day 14 and contin-
uously expanded thereafter. Notably, the enlarged kidneys began to regress
after postnatal day 60. All results are representative of at least three mice per
genotype in two independent experiments.

~30 days, and then many cysts began to diminish in size
(Figure 3, G, I, and K). This finding is coincident with the
gross changes in size and shape of kidney. The rate of
cyst development indicates a less aggressive disease in
Pkd 1553 mice than in homozygous Pkd7-null mice, thus
providing evidence that the level of polycystin-1 has an
impact on the disease progression. On postnatal day 14,
epithelial cysts occupied the entire cortex and medulla of
the affected kidney (Figure 3G). On postnatal day 30,
larger and more massive cysts were found, surrounded
by intact renal parenchyma with interstitial fibrosis and
mild inflammation (Figure 3, | and J). On postnatal day
120, the numbers of the cysts larger than 300 um dra-
matically decreased, accompanied by severe interstitial
fibrosis (Figure 3, K and L). Glomerular cysts were rare at
all times. Most of the tubular cysts were lined by mono-
layer epithelium ranging from cuboidal to hobnail or flat-
tened; however, some expressed with multiple layers of
epithelium. The manifestation of interstitial fibrosis was
determined by Masson trichrome staining and first be-
came evident at postnatal day 7 (Figure 3, B, D, and F).
Another index of interstitial fibrosis of the tubulointersti-
tium in renal disease is the differentiation of the fibroblast
to a myofibroblast. This may be quantitated by the immu-
nohistochemical determination of a-SMA. In the normal
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Figure 3. Progression of renal cystic lesions in Pkd1**> mutant mice. A, C,
E, G, I, K: H&E-stained kidney sections of embryonic day 15 (A; E15),
postnatal day 1 (C; D1), day 7 (E; D7), day 14 (G; D14), day 30 (I, D30), and
day 120 (K; D120) reveal the progression of renal cyst formation and
enlargement in Pkd1%"% mutant mice. The renal cysts were homogenously
distributed over the whole kidney and were accompanied with mild inflam-
mation. Intact glomeruli and proximal tubules were still observed between
enlarged cysts (inset in I). B, D, F, H, J, L: Masson-trichrome-stained kidney
sections of embryonic day 15 (B; E15), postnatal day 1 (D; D1), day 7 (F;
D7), day 14 (H; D14), day 30 (J; D30), and day 120 (L; D120) reveal
significant temporal variation of interstitial collagen deposition as a hallmark
of interstitial fibrosis, especially after D30. All results are representative of at
least three mice per genotype in two independent experiments. Scale bars,
300 wm.

kidney (Figure 4, A-C), a-SMA is primarily, if not exclu-
sively, confined to the arteries and small vessels. In
the kidney of Pkd1-*t% mice, a-SMA is also present in
the widened interstitium (Figure 4, D-F) as well as in the
blood vessels. The results of several individual animals of
each genotype and age are summarized in Figure 4G,

indicating the progression of renal interstitial fibrosis in
mutant mice. Consistent with Masson trichrome staining,
the significant increase in a-SMA matrix score, as com-
pared with wild-type mice, was first noticed at postnatal
day 7, when the cysts had already formed for several
days. These findings suggest that the interstitial fibrosis is
a secondary complication of the renal cyst development.

Pkd 1353 Mice Show Growth Retardation and
Early Mortality

The Pkd1-%% mice are indistinguishable from their wild-
type littermates in the early postnatal period. However,
the mutant mice finally exhibited distended abdomens
and short stature at weaning compared to their litter-
mates. Approximately 50% of these mice died within 1 to
2 months after birth (Figure 5A). Bone defects were also
found in Pkd7-null mutants, and this could have caused
the growth retardation observed in newborn mice of
those null mutants. The short stature of the Pkd7-%“% mice
was noticed beyond postnatal day 14 (Figure 5B), much
later than those of Pkd7-null mutants. Pkd71-*:3 mice
sacrificed after postnatal day 14 exhibited significant
increases in percentages of kidney weight to body weight
(Figure 5C) and kidney volumes (Figure 5D). These find-
ings indicate kidney enlargement and massive renal
cysts were presented as early as postnatal day 14, which
could cause renal insufficiency leading to growth retar-
dation and early mortality. Meanwhile, the high serum
blood urea nitrogen levels indicated renal failure in these
mutants (Figure 5E). In this regard, we suppose the short
stature of the Pkd7-**% mice may be a secondary com-
plication of the severe renal cystic disease. The other
50% homozygous survivals lived into adulthood with sim-
ilar phenotype, and most of them died before 1 year of
age (Figure 5A). Only five homozygous mice (~10%)
were still alive at 1 year, and they were sacrificed for
examination, showing renal cystic lesions in all these
mice. Notably, most of these survivals became sterile
adults under normal breeding conditions, even though
mature sperms and follicles were observed in their sexual
organs.

Proliferation and Apoptosis of Renal Cystic
Epithelial Cells

A precisely controlled balance between cellular prolifer-
ation and programmed cell death (apoptosis) is essential
for normal growth and differentiation of the kidney and
maintenance of normal renal structure after birth. These
fundamental processes are disturbed in polycystic kid-
neys.2*2% In an attempt to reveal these processes in our
ADPKD mouse model, we estimated the mitotic and
apoptotic indices using proliferating cell nuclear antigen
(PCNA) immunohistochemistry and TUNEL staining, re-
spectively. The increased mitotic index observed in renal
epithelium of the Pkd1-%% mice with respect to control
mice was found as expected, because cyst formation
and expansion should be associated with overprolifera-



4

)

+
S
+
4
s

¢

X

L3/L3

O +/+
30 [ ®L3/L3

25 |

20 |

score

15 *

10 |

D1 D7 D14 D120

tion of the cyst-lining epithelium (Figure 6, A, B, and E).
The boost in mitotic rate observed at postnatal day 14
correlated well with the massive cyst formation and rapid
cyst expansion at this stage (Figures 3G and 6B). The
drop in mitotic activity occurring after postnatal day 30
also coincided with the decrease in cyst formation there-
after. Notably, the temporal variation pattern of the mitotic
index during kidney development was similar between
normal and cystic kidneys (Figure 6E). This finding sug-
gests that cell proliferation of the renal tubular epithelium
in the affected kidney is still controllable during develop-
ment, even though the mitotic rate is statistically signifi-
cantly higher than those of wild-type kidney in all cases.
The controllable proliferation predicted a nonmalignant
phenotype of the renal tubular epithelium. The increased
apoptotic index in renal epithelial cells of the cystic kid-
ney was first noticed at postnatal day 30 and rose to
~85% at day 120 (Figure 6, C, D, and F). No excessive
apoptosis occurred in the affected kidney before postna-
tal day 14, indicating that the alternation in cell apoptosis
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Figure 4. Morphometric analysis of the interstitial fibrosis in the kidney of
Phkd1"*3 mutant mice. Kidney sections of postnatal day 14 (A, D), day 30 (B, E),
and day 120 (C, F) from wild-type (A—C) and Pkd1***? mutant mice (D, E) were
immunostained with a-SMA. G: a-SMA matrix scores of the kidney on postnatal
day 1 (D1), day 7 (D7), day 14 (D14), day 30 (D30), and day 120 (D120) from
wild-type (+/4) and Pkd1***? mutant mice are shown as bars. The score was
calculated as described in Materials and Methods. The number of mice analyzed
was n = 6 for each genotype and age. *P < 0.05 compared with wild-type mice,
by Mann-Whitney test. Scale bars, 50 wm.

might not be involved in the pathogenesis of renal cyst
formation and enlargement. A high apoptotic rate was
observed only in the older affected kidney, where cyst
formation decreases and cyst regression had began to
appear, leading to shrinking of the kidney. This finding
suggests a possible causal relationship between the
augmenting apoptosis of cystic epithelial cells and the
regression of renal cysts in the older affected kidney.

Segments of Origin of Renal Tubular Cysts

We used known nephron segment-specific markers to
specifically identify the origin of the renal tubular cysts.
Lectin Dolichos biflorus specifically labels the collecting
duct, the antibody directed against Tamm-Horsfall pro-
tein labels the thick ascending limb, and the antibody
against lysozyme labels the proximal tubule. Interest-
ingly, the majority of renal cysts stained positively for the
more distal portion markers, where none was positive for
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the proximal tubular marker (Figure 7). The tubular struc-
tures positive for lysozyme were still found in renal pa-
renchyma surrounding cysts (Figure 7, G and H), validat-
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Figure 5. Early mortality, short stature, kidney enlargement, and kidney
deterioration in Pkd 1?3 mutant mice. Az Survival curves of wild-type (open
triangle; 1 = 58), Pkd1*”" (filled circle; n = 114), and Pkd1"*"> (open
circle; n = 54) mutant mice. Beginning at 3 weeks of age, individual
Pkd 1" mutant mice became overtly sick, and half of the animals were
dead before 2 months of age. The survivors continued to die in the following
days, and all living animals in this study were sacrificed at 360 days of age.
Pooled data for both males and females is shown. B: Body weights of
wild-type, Pkd1*%", and Pkd1"**3 mutant mice. Wild-type (+/4), Pkd1"?*,
and Pkd1***? mice were housed in communal cages and body weight was
measured at embryonic day 15 (E15), postnatal day 1 (D1), day 7 (D7), day
14 (D14), day 30 (D30), day 60 (D60), and day 120 (D120). C and D: Kidney
volumes and weights of wild-type, Pkd1"?*, and Pkd1*" mutant mice.
Wild-type (+/+), Pkd1*¥", and Pkd1**** mice were sacrificed to measure
the kidney volume and weight at postnatal day 1 (D1), day 7 (D7), day 14
(D14), day 30 (D30), day 60 (D60), and day 120 (D120). Percentages of
kidney weight to body weight (%BW; C), and kidney volumes (D) are
shown. The kidney volume of mice before postnatal day 7 could not be
measured. E: Deterioration in renal function in Pkd1"*"% mutant mice. Mice
were sacrificed and the sera were collected at postnatal day 14 (D14), day 30
(D30), day 60 (D60), and day 120 (D120). Blood urea nitrogen concentration
was determined, as shown. The number of mice analyzed was 7= 6 for each
genotype and age. *P < 0.01 compared with wild-type or heterozygous mice,
by Kruskal-Wallis test.

ing our staining results. Most Pkd7 mutant mice and
ADPKD patients have renal cysts of proximal tubule ori-
gin even though the renal cysts arise mainly from the
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Figure 6. Alternations in proliferation and apoptosis of renal epithelial cells in Pkd7"*"** mutant mice. Kidney sections at embryonic day 15 (E15), postnatal day
1 (D1), day 7 (D7), day 14 (D14), day 30 (D30), and day 120 (D120) from wild-type and Pkd1""3 mutant and wild-type mice were prepared. Immunostaining
for PCNA, using monoclonal antibodies (Upstate Biotechnology, Lake Placid, NY), and the TUNEL assay, using the ApopTag peroxidase in situ apoptosis
detection kits (Vectastain; Vector Elite, Burlingame, CA), were used to measure proliferation and apoptosis. Kidney sections of postnatal day 14 from wild-type
(A) and Pkd1**"3 (B) mutant mice stained with PCNA, and of postnatal day 120 from wild-type (C) and Pkd1""3 (D) mutant mice stained with TUNEL are
illustrated. Fields (X400) of renal section were randomly selected and all of the epithelial cells were characterized regardless of their localization in cyst or tubule.
At least 500 epithelial cells per tissue were counted. The mitotic (E) and apoptotic (F) indices were calculated as the percentage of cells positive for PCNA and
TUNEL assay, respectively. The number of mice analyzed was 7 = 4 for each genotype and age. *P < 0.05 compared with wild-type mice, by Mann-Whitney test.

Scale bars, 100 wm.

distal portion of renal tubular segments. The negative
staining of the renal cysts with a single proximal tubular
marker could not definitely exclude proximal cyst forma-
tion. In addition, some cysts were negative for all mark-
ers. These cysts could be derived from any segment of
nephron including proximal tubule, and loss of these
tubular markers suggests a degree of dedifferentiation.

We further estimated percentages of the renal cysts ex-
hibiting the nephron segment-specific markers in various
ages of Pkd1-%% mice, as summarized in Table 1. A
mean 75.83% of cysts were positive for collecting duct,
2.83% for thick ascending limb, and 2.17% for both mark-
ers in the early stage of cyst formation. The cysts that
stained positive for both markers could be derived from
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Figure 7. Cysts arise from distal nephron segments. Kidney sections of
postnatal day 7 (A, B), day 14 (C, D, G), and day 30 (E, F, H) from Pkd 13"
mutant mice were stained with Dolichos bifloruslectin (A, C, E), a collecting
duct-specific lectin, stained with Tamm-Horsfall protein antibodies (B, D, F),
a specific marker for thick ascending limb, and stained with antibodies to
lysozyme (G, H), a specific marker for proximal tubule. Most cysts were
positively stained with specific markers of collecting ducts and thick ascend-
ing limbs. Lysozyme-positive cysts were not found, and intact proximal
tubules were stained positively with this specific marker. Notably, some cysts
were negative for all these specific markers, suggesting the characterization
of undifferentiation and/or dedifferentiation of the cyst-lining epithelial cells.
All results are representative of at least three mice per genotype in two
independent experiments. Scale bars, 100 wm.

the connecting segment between thick ascending limb
and collecting duct. During progression of the renal cys-
tic disease, the ratios of cysts positive for collecting duct
gradually decreased from 75.67% on postnatal day 14 to
50.50% on day 30 (Figure 7, C and E). Conversely, the

ratios for thick ascending limb and the connecting seg-
ment increased from 7.50% to 21.50% and from 4.00% to
17.50%, respectively (Figure 7, D and F). At postnatal
day 120, the ratios for collecting duct had reduced to
43.83%, for thick ascending limb had increased to
29.17%, and for the connecting segment had increased
to 23.83%. These results reveal that the collecting ducts
begin to develop cysts in the early postnatal period, and
the connecting segment and thick ascending limb de-
velop cysts mainly in the later stages.

Signaling of Epidermal Growth Factor Receptor
in Renal Cystic Epithelium

It is now well accepted that cell proliferation is an essen-
tial component of cyst formation; however, it is not clear
what drives this proliferation. Because epidermal growth
factor (EGF) is a well-known agent that stimulates cell
proliferation in primary cultured renal tubular cells and
ADPKD cells,?® we examined EGF signaling in the renal
cystic epithelium of the Pkd1-%t% mice. We first deter-
mined the EGF expression levels in the kidneys of post-
natal day 30 by RT-PCR and found that the EGF transcript
did not increase as predicted but instead decreased in
the kidneys of the homozygous Pkd1-%"-3 mice (Figure
8A). Previous studies found that expression of an EGF-
related growth factor called HB-EGF increased in the rat
kidney after acute ischemic insult and that HB-EGF was
also expressed predominantly in the ureteric bud during
rat metanephric development.?” These results suggest
that HB-EGF seems to stimulate cell proliferation during
kidney development and regeneration. In addition, HB-
EGF has been reported to play an important role in stim-
ulating cell proliferation of cystic and normal collecting
tubular epithelia.?® Significantly, the HB-EGF expression
in affected kidney of Pkd71-*+% mice was found to in-
crease after normalization with B-actin expression (Figure
8A). HB-EGF binds to and activates EGF-receptor
(EGFR) with an even greater effect than EGF. We hence
determined the expression level and activation degree
(as assessed by EGFR phosphorylation) of EGFR by
Western blot analysis. Both total protein content and
phosphorylation form of EGFR increased 5- to 10-fold in
homozygous Pkd1-%%% mice, compared with wild-type or
heterozygous mice, respectively (Figure 8B). In contrast,
the protein level of an EGFR-related receptor tyrosine
kinase erbB2, which is not bound and activated by HB-
EGF, increased only approximately twofold in affected

Table 1. Percentages of the Renal Cysts Exhibiting Nephron Segment-Specific Markers in Various Ages of PKD""® Mice
Marker Mouse age
(nephron segment) Day 7 Day 14 Day 30 Day 120
Lysozyme (PT) 0 0 0 0
Tamm-Horsfall protein (TAL) 2.83 = 1.57 7.50 = 3.25 21.50 = 8.73 29.17 = 9.18
Lectin Dolichos biflorus (CD) 75.83 = 17.42 75.67 + 12.36 50.50 + 7.90 48.83 = 9.61
Positive staining for both TAL and CD 217 = 1.21 4.00 = 2.31 17.50 = 5.82 23.83 = 5.73

Renal cysts smaller than 50 mm in diameter were excluded from the total count. In individual cyst, more than half of the cyst-lining epithelial cells
labeled with specific markers was defined as positive staining. Two hundred renal cysts were determined in each specimen, and each data represents
the mean = SE from three independent mice. PT, proximal tubule; TAL, thick ascending limb; CD, collecting duct.



kidneys (Figure 8B). The fractions of membrane-bound
Grb2 and Shc, which indirectly represent the mediators
recruited by activated EGFR during signaling, also
clearly increased in affected kidneys (Figure 8B). Finally,
the EGFR in cystic epithelial cells was mislocalized to
apical membranes (Figure 8C). The enrichment of EGFR
signaling was also evidenced in Pkd1-%3 mice at post-
natal days 14 and 60 but not at postnatal day 7, as
assessed by RT-PCR and Western blot analysis (data not
shown). However, the overexpression and mislocalization
of EGFR in renal cystic epithelia also was visible at post-
natal day 7 by immunohistochemistry analysis (data not
shown). Taken together, the enhancement and mislocal-
ization of EGFR signaling may be early markers of cystic
transformation in Pkd1 insufficiency and could be respon-
sible for the overproliferation of the renal cystic epithelial
cells.

Na*/K*-ATPase, Aquaporin-2, cAMP, and
Vasopressin V2 in Renal Cysts

Fluid accumulation in renal cysts is the other main man-
ifestation of polycystic kidney. The net reabsorption of
fluid in the normal kidney is brought about by sodium ion
gradients established by the Na®/K*-ATPase in the ba-
solateral tubular cell membrane and by multiple ion and
fluid transporters and channels in apical and basolateral
sites. The Na*/K*-ATPase is composed of a1 and B1
subunits in normal adult kidneys and is highly expressed
in the thick ascending limb and the distal convoluted
tubule.?® The protein content of either the a1 or 1 sub-
unit of Na*/K™-ATPase in cystic kidney was clearly lower
than in normal kidneys (Figure 8D). In contrast, the con-
tent of Na™/K*-ATPase B2 subunit was clearly increased
in cystic kidneys (Figure 8D). Because the B2 subunit is
highly expressed in normal fetal kidneys, this finding
suggests a degree of either undifferentiation or dediffer-
entiation in the renal cystic epithelium. The distribution of
the Na™/K*-ATPase a1 subunit in normal kidneys was
mainly localized in the outer medulla region, where it was
concentrated at the basolateral sites of the epithelial cells
(Figure 8F). Interestingly, the Na*/K*-ATPase was unde-
tectable in almost all epithelial cells lining large cysts,
although it was still present in a few small cysts and
weakly expressed in some normal renal tubule in affected
kidneys of 30-day-old mice (Figure 8G). At this stage,
~20% of cysts were derived from the thick ascending
limb and the connecting segment where Na™/K*-ATPase
was highly expressed in normal kidneys. Our results in-
dicate that the down-regulation of Na*/K"-ATPase a181
complex in cystic epithelial cells may diminish the trans-
epithelial sodium gradients, leading to fluid accumulation
in renal cysts. Recently, increased cAMP levels and up-
regulation of vasopressin V2 receptor (VPV2R) as well as
a water channel aquaporin-2 have been identified as
playing an important role in the pathogenesis of an AD-
PKD mouse model derived from somatic inactivation of
Pkd2.%° In our model, aquaporin-2 and VPV2R were also
overexpressed in the cystic kidney (Figure 8, A and D).
The increased cAMP in renal cysts was also observed
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(Figure 8E), suggesting the similarity between these two
different ADPKD mouse models.

Extrarenal Abnormalities in Pkd 133 Mice

Cardiac septal defects, pulmonary hypoplasia, and se-
vere cystic manifestations in hepatic and pancreatic
ducts are usually found in some homozygous Pkd17-tar-
geted mutants, indicating the essential roles of polycys-
tin-1 in developing and maintaining the architecture of
these organ systems. In our Pkd7-%-3 mice, hepatic cysts
were never found and pancreatic cysts were observed
only rarely, in two of the examined mice (age, 120 and
360 days). The weights of lung and heart (percent of
body weight) were still normal, even though the body
weights were dramatically lower than those of wild-type
mice. The histological examinations of aorta, lung, and
heart also appeared to be normal. The levels of Pkd1
transcript and protein in heart, liver, lung, and pancreas
were also determined by RT-PCR and Western blot, as
described above. We found that the Pkd7 transcript in
these organs of Pkd1-*% mice was also clearly lower
than in those of Pkd1-** and wild-type mice, similar to
the finding in the kidney (data not shown). These findings
suggest that the interfering effect of the intronic mc7-neo
on Pkd1 expression is ubiquitous in many tissues. Al-
though the Pkd1 transcript could be determined, the
polycystin-1 protein in these organs was undetectable
(data not shown). Only the kidney can express detect-
able amounts of polycystin-1 protein, no matter whether
in embryos, neonates, or adult mice (data not shown).
The relative abundance of polycystin-1 expression impli-
cates the high-level requirement of this crucial protein in
the kidney compared to the other organ systems. The low
levels of native polycystin-1 in Pkd1-*-% mice was suffi-
cient to prevent these common defects in the other or-
gans caused by Pkd7-null mutation, but it failed to pro-
vide a similar effect in the kidney.

Discussion

Our findings provide clear evidence that diminished ex-
pression of native polycystin-1 is sufficient to induce the
renal cystic lesions of ADPKD. We showed that the in-
tronic insertion of neo gene in reverse orientation into
Pkd1 could intensively interfere in transcription and/or
splicing machinery, resulting in a low but not completely
null Pkd1 expression. Only wild-type Pkd1 transcript and
protein were detected in either heterozygous Pkd1-%"* or
homozygous Pkd7-%% mice. No mutant Pkd1 transcript
in MRNA was detected in heterozygotes and homozy-
gotes by RT-PCR analysis using two more sets of primers
located in exon 34 and exon 35 (data not shown). These
findings suggest that the intronic neo is not inserted into
the neighboring Pkd1 transcript. The hypomorphic allele
published here is a totally pure knockdown allele for
Pkd1, representing only a lower-than-normal level of ex-
pression without mutant transcript expression. This out-
standing knockdown allele could be very informative in
exploring the biological function of polycystin-1 without
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the interference caused by the mutant protein. The mu-
tant mouse homozygous for the knockdown allele is a
crucial animal model for the study of ADPKD.

The observation that mice with homozygous targeting
disruption of Pkd1 die in utero during the later stages of
gestation suggests that polycystin-1 is essential for nor-
mal development. These mouse models have similar pat-
terns of renal development, with grossly normal patterns
of ureteric bud branching and mesenchymal induction.
Abruptly, around E15, cystic structures arise in the me-
dulla, suggesting that polycystin-1 is required for the final
maturation of renal epithelia. In the present study, the low
levels of native polycystin-1 in Pkd1-%%% mice are suffi-
cient to overcome the embryonic and perinatal lethality
usually observed in Pkd7-targeted disruption mutants.
But the Pkd1-%+3 mice still begin to develop renal tubular
dilatation at embryonic day 15.5, identical with the finding
in Pkd7-targeted disruption mutants. However, they
progress to severe renal cystic disease in a milder man-
ner than the other targeted mutants. Renal tubular dilation
was widely present in the early stage, and the renal cysts
emerged gradually and continuously later. The polycys-
tin-1 levels in kidneys of the Pkd1-%% mice are shown to
be ~80% lower than those in the wild-type mice, sug-
gesting that the remaining ~20% of polycystin-1 is not
sufficient to prevent the initiation but could be responsi-
ble for the delay in progression of the renal cystic dis-
ease. These results demonstrate the quantity require-
ment of polycystin-1 in both maturating and maintaining
the renal tubular architecture. This conclusion is concor-
dant with studies indicating that polycystin-1 expression
in renal epithelia peaks between E16 and E19 and re-
mains elevated until tubular maturation is complete in
neonatal life.®" Thereafter, expression declines to lower
levels in the adult.'®2° The variation in Pkd1 expression
level indicates that the difference in polycystin-1 quantity
required for maturating and maintaining the renal tubular
architecture is higher for maturating and lower for main-
taining. This could explain the utility of the remaining
polycystin-1 only in retarding but not in initiating the renal
cystic disease.

In human ADPKD, most cysts arise from the distal
portion of renal tubular segments. Glomerular cysts are
not usually a characteristic feature of adult ADPKD and
are only observed in severe early onset cases.®*33 In
homozygous Pkd7-null mutants, renal cysts are origi-
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nated from glomeruli and all tubular structures suggest-
ing the critical role of polycystin-1 in all segments of
nephron.™ It is still unclear why the renal cysts arise
mainly in distal segments in ADPKD. In our homozygous
Pkd1 knockdown mice, renal cysts developed mainly in
distal portions of nephron. Intact glomeruli and proximal
tubules still appeared, suggesting that the remaining
polycystin-1 is still sufficient for maturating and maintain-
ing the normal structure of glomeruli and proximal tu-
bules. However, the remaining polycystin-1 could not
allow the distal segments of nephron to develop normal
architectures. These results indicate that the polycystin-1
quantity requirement for distal segments is obviously
higher than for glomeruli and proximal segments. More-
over, the renal cysts are derived mainly from collecting
duct in the early postnatal period. Even though the ratios
of collecting duct cysts to thick ascending limb cysts
significantly decrease with increasing age, this could be
caused by the progressive apoptosis of the aged cysts
developing from early postnatal period. These results
suggest that the polycystin-1 quantity requirement for
collecting duct could be higher than for other distal seg-
ments. This conclusion is concordant with the previous
study showing that the highest polycystin-1 expression is
found in collecting ducts and the other distal nephrons
express a moderate level.>* Expression in the proximal
nephron is undetectable. Taken together, the high poten-
tiality of the renal distal segments for cyst formation could
be attributed to the high polycystin-1 quantity require-
ment for these segments.

ADPKD is an autosomal dominant disorder of late age
onset characterized by focal cyst development and ex-
pansion, typically resulting in end-stage renal disease in
late middle age. The severity of the disease, the age of
onset of end-stage renal disease, and the spectrum of
extrarenal manifestations vary widely between affected
individuals, even within the same family.®> A two-hit hy-
pothesis has been proposed to explain many features of
this disease including the focal cyst formation, late onset,
loss of heterozygosity in cystic epithelial cells, and vari-
ability in the phenotype.®' Basically, this hypothesis
demonstrates a loss-of-function mechanism for cyst for-
mation in ADPKD. ADPKD mouse models derived from
targeted disruption of Pkd7 also support this loss-of-
function mechanism. But it still has some defects, such as
its failure to identify somatic mutations in the majority of

Figure 8. Signaling of epidermal growth factor receptor (EGFR), cAMP concentrations, and expression of Na*/K*-ATPase as well as aquaporin-2 and vasopressin
V2 receptor (VPV2R) in Pkd 1" mouse kidneys. A: Overexpression of HB-EGF and VPV2R mRNA, and low expression of epidermal growth factor (EGF) in
Pkd1"*3 mouse kidneys. RNA was extracted from mouse kidneys of postnatal day 30 and mRNA levels were determined by RT-PCR. Amplification of B-actin
shows the equivalence of the RNA loading and amplification. B: Overexpression and activation of EGFR protein in Pkd7"?" mouse kidneys. The renal levels of
depicted proteins in membrane (M) and cytosol (C) fractions of postnatal day 30 were determined by Western blot analysis. -Actin was used as loading control
for equivalent content of protein. C: EGFR mislocalization in renal cystic epithelia of Pkd7"%"% mouse kidneys. Renal sections of postnatal day 30, immunostained
with EGFR antibodies reveal the apical (arrows) and basal (arrowheads in inset) localization in Pkd7"%"> and wild-type mice, respectively. D: Overexpression
of aquaporin-2 (AQP-2) and low expression of adult form Na™/K*-ATPase in Pkd1*" mouse kidneys. The levels of depicted proteins in kidney membrane
fraction of postnatal day 30 were determined by Western blot analysis. B-Actin was used as loading control. E: Renal concentrations of cAMP, measured using
enzyme immunoassay and expressed per mg of protein, in 30-day-old wild-type as well as Pkd 1>+ and Pkd1"%** mice. The enzyme immunoassay kit (catalog
no. 581001) was obtained from Cayman Chemical (Ann Arbor, MI). The number of mice analyzed was n = 6 for each genotype. *P < 0.01 compared with
wild-type or heterozygous mice, by Kruskal-Wallis test. F: Localizations of Na™ /K" -ATPase a-chain in wild-type mouse kidneys. Kidney sections of postnatal day
30 immunostained with antibodies against Na*/K*-ATPase a-chain reveal basal lateral localization in renal epithelial cells of medullar region. G: Localizations
of Na*/K"-ATPase a-chain in Pkd1***? mouse kidneys. Low or even absent expression of Na* /K *-ATPase a-chain is revealed in epithelial cells lining large cysts
(arrowheads). The basal lateral localization of Na*/K*-ATPase a-chain is also found in tubular and small cystic epithelial cells (asterisks). The insets show
high-power fields of the depicted area. All results are representative of at least three mice per genotype in two independent experiments. Scale bars, 20 wm.
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cysts and expression of full-length polycystin-1in a sub-
set of cysts in kidneys of ADPKD patients with an inher-
itable defectin PKD1. These findings may be defended in
part by acquiring undetected missense mutations in
PKD1, resulting in mutant but still full-length polycystin-1
expression. However, no hot-spot for missense mutations
has been identified. In this regard, some other genetic
mechanisms, such as haploinsufficiency or dominant-
negative mutations, should not be excluded, and multiple
mechanisms are likely to be involved. For example, it has
been shown that cysts can have trans-heterozygous mu-
tations, in which individuals that carry a germline muta-
tion of PKD17 acquire a second hit in PKD2, and vice
versa.®3® Mice with trans-heterozygous mutations of
Pkd1 and Pkd2 exhibit more severe renal cystic disease
than would be predicted by a simple additive effect of the
cyst formation in singly heterozygous mice.®” This gene
dose effect is called haploinsufficiency, which may also
play a role in the molecular mechanism of the ADPKD.
Briefly, null mutations of a single allele in a diploid organ-
ism could decrease the probability of gene expression
resulting in more variation in expression levels.®® It is
possible that ADPKD results from single allele null muta-
tions that cause a finite lifetime risk for the PKD gene
product to fall below a critical threshold because of in-
creased variance in expression level with the remaining
wild-type allele. This haploinsufficiency hypothesis ex-
plains many features of ADPKD, such as the focal nature,
late onset, and variance in severity. However, it is still
unclear whether low PKD expression is sufficient to initi-
ate renal cyst formation.

In the present study, totally pure Pkd7 knockdown
mice were generated, demonstrating that the low Pkd1
expression is sufficient to induce renal cyst formation.
Our findings further support the haploinsufficiency mech-
anism in ADPKD. In addition, we postulate that any ge-
netic or environmental factors involved in Pkd7 down-
regulation may incite renal cyst formation. This is another
possible mechanism underlying the etiology of ADPKD.
Indeed, considerable intrafamilial variability in the sever-
ity of renal cystic disease in the major form of ADPKD
(PKD1) has been observed, reflecting the influences of
genetic modifiers and environmental factors. At present,
nothing is known about the molecular mechanisms reg-
ulating the normal expression of the PKD1 gene or
whether transcriptional deregulation of the PKD1 gene
has a role in cyst formation. This is an important topic
in this field for future study. Nevertheless, analysis of
ADPKD tissue has revealed persistent, or even en-
hanced, polycystin-1 immunoreactivity of cystic epithelia
in most cysts.’92° This finding appears at odds with
the requirement for inactivating or decreasing PKD1 ex-
pression to initiate cystogenesis. Interestingly, polycys-
tin-1 localization in normal kidneys is seen in the apical-
lateral membranes of collecting duct epithelial cells.”3°
Consistent with these results, polycystin-1 has been iden-
tified in cell junctional complexes and the single primary
nonmotile cilia."®4%4" But in cystic tubule epithelial cells,
polycystin-1 is predominantly cytoplasmic in its distribu-
tion suggesting the abnormal function. The similar or

even high level of polycystin-1 expressed in renal cyst-
lining epithelial cells could be functionally inactive. It is
worthwhile considering the possible causes contributing
to the loss of polycystin-1 function in ADPKD cysts. This
may provide important clues to delineate the possible
molecular mechanism involved in the pathogenesis of
ADPKD. Calcium and polycystin-1 phosphorylation sta-
tus are two of these possible factors involved in regula-
tion of polycystin-1 function.**“® Altogether, the data
support the postulation that either depletion of PKD1
expression or loss of polycystin-1 function serves as an
important trigger in cystogenesis.

Polycystic kidney disease is characterized by the en-
largement of renal cysts, interstitial fibrosis, and gradual
loss of normal renal tissue in association with progressive
deterioration of renal function. In our homologous Pkd1
knockdown mice, renal epithelia have an increased rate
of proliferation simultaneous with cyst formation and en-
largement. The overproliferation of renal epithelia is con-
nected with the increased EGFR signaling. This finding
is consistent with the phenotype observed in both hu-
man patients and several different mouse models of
ARPKD.?%4* For instance, EGFR antagonists have been
widely tested as potential therapeutic interventions. But
the effects are controversial, depending on the animal
model used, and they have not yet been demonstrated in
a Pkd1 mouse model. The major ligand for EGFR in renal
cysts was further identified as HB-EGF but not EGF.
HB-EGF is a more potent mitogen for renal epithelia than
EGF and is expressed mainly in the embryonic stage.
This is a novel finding in the ADPKD mouse model, al-
though similar results have been described in an ARPKD
mouse model.?2®8 However, the role of HB-EGF in the
cystogenesis needs to be further investigated in either
ADPKD patients or a mouse model.

Both epithelial cell proliferation and fluid accumulation
are responsible for cyst growth in ADPKD. A major and
pathophysiologically significant abnormality in ADPKD
cystic epithelia is the mispolarization of a fully functional
Na*/K*-ATPase to the apical membranes of cyst epithe-
lia.*® This in turn is associated with basal-to-apical so-
dium ion transport leading to luminal fluid accumulation.
Although apical mislocalization of the Na*/K*-ATPase
has been reported in several different models of polycys-
tic kidney disease,*® it has not been universally accepted
as the principal mechanism underlying either fluid secre-
tion or cyst expansion in ADPKD. Immunocytochemical
analysis of renal cysts with antibodies directed against
Na*/K*-ATPase failed to detect evidence of apical mis-
localization. Na™/K*-ATPase was expressed exclusively
on the basolateral membranes. Expression levels of Na™/
K*-ATPase dramatically decreased but were never mis-
localized. Our data do not support the model of apical
Na*/K*-ATPase-mediated, sodium-driven cyst fluid se-
cretion. Indeed, Brill and colleagues*” reported that they
could not find evidence of mislocalization of Na™/K*-
ATPase in either excised human ADPKD cysts or human
ADPKD cyst cells in culture. The cyst luminal fluid accu-
mulation may be driven by net basal-to-apical CI~ move-
ments in a manner similar to that observed in classical
secretory epithelia, such as sweat ducts or the airway,



rather than by apical secretion of Na™*. In this ion trans-
porter system, apical CI™ exit could be facilitated by the
cystic fibrosis transmembrane regulator (CFTR) protein,
and the basolateral entry step may be mediated by the
Na*-K*-2CI~ co-transporter NKCC1. In an attempt to
delineate the possible pathway for cyst fluid secretion, in
the near future we will determine the expression level and
localization of some channels and transporters in ADPKD
mice.

The process causing the progressive loss of renal
tissue is unknown, but it could be the result of a form of
programmed cell death known as apoptosis. Significant
quantities of apoptotic cells have been reported both in
ARPKD and in ADPKD;?® however, whether this apopto-
sis is involved directly in cyst formation and/or loss of
renal function is as yet undetermined. With the use of
TUNEL staining, we have found the presence of apopto-
tic bodies in renal cystic epithelia of the homozygous
Pkd1 knockdown mice only after postnatal day 30, and
the ratio of apoptotic cells successively increased there-
after. Since the massive renal cysts have already devel-
oped at postnatal day 14, apoptotic bodies are rarely
found before that time. The increased apoptotic cell
death does not seem to be strictly required in the cysto-
genesis. However, the cystic epithelia presented exten-
sive apoptotic bodies at the late stage when the enor-
mous cysts had shrunk and interstitial fibrosis was
typical. The connection between cell apoptosis and cyst
shrinking is logical. Although the exact death cues re-
sponsible for cell apoptosis in well-expanding cysts re-
main to be identified, there are some candidates that
could trigger an apoptotic program in the tubular cells.
For example, infiltration of inflammatory cells as seen in
the cystic kidneys may contribute to cell death by pro-
ducing prodeath ligands or cytokines.*® Likewise, in cys-
tic kidneys with persistent pressure on interstitial tissue,
chronic hypoxia induced by a compromised interstitial
blood flow could result in cellular ATP deprivation, which
might serve as an apoptosis trigger. Furthermore, the
progressive deposition of extracellular matrix as seen in
the cystic kidneys may eventually disrupt normal cell-
matrix interactions of epithelia, which would provide a
hostile environment for tubular cell survival that ultimately
leads cells to die. Such disturbance of the microenviron-
ment that surrounds the cysts could potentially function to
elicit epithelial cell apoptosis.

Overall, we have established an improved animal
model that mimics the human form of ADPKD. Notably,
the renal cystic phenotype is caused by Pkd1 knockdown
rather than knockout. That is why our model can avoid the
embryonic or prenatal lethality caused by Pkd7 knockout.
We do not know whether the PKD7 down-regulation ac-
tually occurs in human ADPKD patients or whether it
causes the renal cystic phenotype. However, the many
similarities in disease progression and pathological find-
ings between human ADPKD and homologous Pkd1
knockdown mice suggest this Pkd7-®% mouse may
serve as an attractive model to study pathogenesis and
to explore novel therapeutic strategies against ADPKD.
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