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Human Polycystin-2 Transgene Dose-Dependently
Rescues ADPKD Phenotypes in Pkd2 Mutant Mice
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Accepted for publication

June 24, 2015. Although much is known about the molecular genetic mechanisms of autosomal-dominant polycystic

kidney disease (ADPKD), few effective treatment is currently available. Here, we explore the in vivo
effects of causal gene replacement in orthologous gene models of ADPKD in mice. Wild-type mice with
human PKD2 transgene (PKD2') overexpressed polycystin (PC)-2 in several tissues, including the kidney
and liver, and showed no significant cyst formation in either organ. We cross-mated PKD2' with a Pkd2-
null mouse model, which is embryonically lethal and forms renal and pancreatic cysts. Pkd2~/~ mice
with human PKD2 transgene (Pkd2~/~;PKD2'9) were born in expected Mendelian ratios, indicating that
the embryonic lethality of the Pkd2™/~ mice was rescued. Pkd2~/~;PKD2* mice survived up to 12
months and exhibited moderate to severe cystic phenotypes of the kidney, liver, and pancreas.
Moreover, Pkd2~/~ mice with homozygous PKD2-transgene alleles (Pkd2~/~;PKD2*/*9) showed sig-
nificant further amelioration of the cystic severity compared to that in Pkd2~/~ mice with a hemizygous
PKD2' allele (Pkd2~/~;PKD2Y), suggesting that the ADPKD phenotype was improved by increased
transgene dosage. On further analysis, cystic improvement mainly resulted from reduced proliferation,
rather apoptosis, of cyst-prone epithelial cells in the mouse model. The finding that the functional
restoration of human PC2 significantly rescued ADPKD phenotypes in a dose-dependent manner
suggests that increasing PC2 activity may be beneficial in some forms of ADPKD. (Am J Pathol
2015, 185: 2843—2860; http://dx.doi.org/10.1016/j.ajpath.2015.06.014)
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Autosomal-dominant polycystic kidney disease (ADPKD) is
a common, inherited monogenic disease resulting from mu-
tations in either PKDI or PKD2."” Besides numerous pro-
gressive, bilateral, fluid-filled cysts in the kidneys derived
from renal tubular epithelial cells, ADPKD patients also
have very eminent extrarenal manifestations.”* The most
common extrarenal manifestation is bile duct—derived
cyst formation in the liver.” ® Hepatic cysts occur in 83%
of all ADPKD patients, and in 94% of those aged >35
years.”® Other phenotypes include pancreatic cysts,’
cerebrovascular aneurysm,'’'' and aortic root/thoracic
aorta abnormalities.'*"”

ADPKD usually develops in early adulthood, with an
incidence of 1:400 to 1:1000. It is the fourth most com-
mon cause of end-stage renal disease, which occurs in
50% of affected individuals by age 60 years.'* The cyst
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formation in ADPKD is thought to occur largely by a
cellular recessive somatic second-hit mechanism,'>"'®
although other factors, such as the timing of second-step
mutations,'’ kidney injury,'"® and inflammation,'” as
well as allelism with the nonmutant chromosome,”” likely
significantly influence disease progression as well.
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Outside of renal transplantation, few effective treatments
of ADPKD currently exist. To eventually use causal gene
replacement in treating human ADPKD patients, we applied
the human PKD?2 transgene in orthologous ADPKD mouse
models that were previously generated by us.”’ We there-
fore developed a transgenic mouse model that expresses
human PKD2 under the pCAGGS ubiquitous transgenic
promoter (PKD2'®). PKD2'® tissues, such as the kidney and
liver, showed overexpression of the human PKD2 gene
product polycystin (PC)-2. There was no significant cystic
phenotype resulting from PC2 overexpression in the kidney,
liver, or pancreas. We produced a compound Pkd2 ' ~;PKD2'¢
mouse line by cross-mating the PKD2'¢ mice with Pkd2 ™"~
mice.”' Pkd2™'~ mice with a PKD2'€ allele escaped embryonic
lethality and survived up to 12 months, although moderate to
severe cystic phenotypes still developed in the kidney, liver, and
pancreas. Notably, the renal and hepatic cystic severity was
significantly ameliorated in Pkd2™'~ mice with homozy-
gous PKD2'€ alleles (Pkd2 ™'~ ;PKD2'¢"'€) compared to that
in the Pkd2™'~ mice with a hemizygous PKD2'¢ allele
(Pkd2_/_;PKD2‘g). Our findings indicated that the func-
tional expression of human PC2 not only did not induce
hepatorenal cystogenesis but also significantly rescued
ADPKD phenotypes in a dose-dependent manner. These
findings provided a basis for considering functional gene
replacement in the treatment of ADPKD.

Materials and Methods

Generation of Transgenic Mice with Human PKD2

To construct human PKD?2 transgenic mice, the full-length
human PKD?2 open reading frame cDNA was cloned into the
Xhol and Kpnl type 2 restriction enzyme sites of the pPCAGGS
expression vector.”” The human PKD2 transgene construct
was then released from the rest of the vector by digestion with
Sall and Avrll restriction enzymes (Supplemental
Figure S1A). The PKD?2 transgene construct was micro-
injected into the pronuclei of fertilized C57BL/6J oocytes,
which were then transferred into the oviducts of pseudo-
pregnant mice. Founder mice were screened for the transgene
by PCR analysis of genomic DNA extracted from the tail
(Supplemental Figure S1B). The forward and reverse primers
for PCR screening were targeted against part of the construct
from the vector backbone and human PKD2 cDNA,
respectively (forward, 5-TGCTAACCATGTTCATGCC-
TTC-3; reverse, 5'-CTGGAGTTCACCATCGCG-3'). The
PKD?2 transgene was confirmed and its copy number was
determined by Southern blot analysis (Supplemental
Figure S1C). For Southern blots, genomic DNA was
digested with the Notl enzyme, resolved on an agarose gel,
transferred to a nylon membrane, and hybridized to a **P-
labeled probe, which was the PCR product amplified by
primers against the pPCAGGS promoter region (forward, 5'-
CGGGGTCATTAGTTCATAGC-3'; reverse, 5'-GAGTG-
AAGCAGAACGTGGG-3').
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The gene-targeted mouse models of Pkd2 were previ-
ously described.””’ Nestin-Cre transgenic mice were pur-
chased from Jackson Laboratories (stock no. 003771; Bar
Harbor, ME). All of the mouse models used in this study
were on the C57BL/6J inbred background.

RT-PCR and Quantitative PCR

The total RNA was isolated from the tissues of transgenic
and wild-type mice using Trizol (Life Technologies,
Grand Island, NY). The cDNA was then generated from
the total RNA (2 pg) using SuperScript II Reverse
Transcriptase according to the manufacturer’s protocol
(Life Technologies). The primer pairs used for analysis
were: human PKD2: forward, 5'-TCCATCGGCAGC-
ATAGTGT-3' and reverse, 5'-GGCGAGGTTGACCAT-
TTAG-3'; mouse Pkd2: forward, 5-CTCTTTACCAC-
GTCCGATGA-3" and reverse, 5'-GGAAACGATGCTG-
CCAAT-3’; and human GAPDH as a mRNA loading
control: forward, 5'-GACCACAGTCCATGCCATCAC-3
and reverse, 5'-TCCACCACCCTGTTGCTGTA-3'. The PCR
products were separated by 1.5% agarose gel electrophoresis.
Quantitative PCR was performed using the iCycler iQ Real-
Time PCR Detection System with the iQ SYBR Green
Supermix kit (Bio-Rad Laboratories, Hercules, CA). The
primers were the same as those used for the RT-PCR.

Western Blot Analysis

Tissues isolated from sacrificed mice were homogenized in
lysis buffer. The protein concentration was determined by
bicinchoninic acid assay (Life Technologies). Samples were
separated by SDS-PAGE and then electrotransferred to
a nylon membrane (PerkinElmer, Waltham, MA). The
membrane was incubated with primary antibodies at room
temperature for 4 hours and then with peroxidase-conjugate
secondary antibodies for 1 hour and detected with enhanced
chemiluminescence (Life Technologies). The Western blot
results were quantified using the densitometry values of the
immunoreactive bands for targeted proteins normalized to
the total B-actin (loading control).

Antibodies and Reagents

The following antibodies, staining materials, and reagents were
used: anti-PC2 polyclonal antisera (hPKD2-Cp and C2),
generated in our previous study'®**; anti—B-actin antibody and
DAPI (Sigma-Aldrich, St. Louis, MO); anti—Tamm-Horsfall
glycoprotein antibody (Applied Biological Materials, Aldinga
Beach, SA, Australia); fluorescein Lotus tetragonolobus lectin
and fluorescein Dolichos biflorus agglutinin (Vector Labora-
tories, Burlingame, CA); anti—aquaporin-2, anti—proliferating
cell nuclear antigen (PCNA), and anti-Ki67 antibodies (Abcam,
Cambridge, MA); and anti-phosphorylated Akt (Serd473),
anti—total Akt, anti—phosphorylated c-Raf (Ser338), anti—total
c-Raf, anti—phosphorylated MEK1/2 (Ser217/221), anti—total
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Figure 1  Characterization of the human PKD2 transgenic mouse line (PKD2'%). A: Human PKD2 mRNA expression versus endogenous Pkd2 mRNA expression in
different organs/tissues of PKD2' (light gray bars) mice and their wild-type (WT; dark gray bars) littermates, determined by quantitative PCR. All quantitative PCR
results were normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. B: Proteins extracted from the same organs/tissues of PKD2'
mice and their wild-type littermates were analyzed by Western blot with an anti- polycystin (PC)-2 antibody (hPKD2-Cp). Markedly higher PC2 expression is
detected in the organs/tissues of PKD2™ mice than in those of their wild-type littermates. B-Actin was used as an internal loading control. C: Quantitative
analysis of the densitometry values of the Western blot analyses. At least three transgenic mice or their wild-type littermates were tested. D—Q: IHC analysis
(IHC) (D—J) and immunofluorescence (IF) (K—Q) staining with the hPKD2-Cp antibody to detect PC2 in the kidneys of 12-month-old PKD2" transgenic mice and
their wild-type littermates. A Pkd2-null embryonic kidney (embryonic day 14.5, E14.5) was used as a negative control. Obvious positive labeling (arrows) is seen
in both the PKD2'% and wild-type—littermate kidneys, but it is much stronger in the PKD2'¢ kidney (arrows in D versus E and in K versus L). There is no positive
signal in the Pkd2-null embryonic kidney (F and M). IHC (G and H) and IF (N and 0) staining analyses were used for examine the liver of these mice. Stronger
positive staining (arrows in G versus H and N versus 0) is detected in the PKD2" liver than in the wild-type—littermate liver. Similar IHC and IF staining results
were obtained in the pancreas of these mice (arrows in I versus J and in P versus Q). R: Kaplan-Meier survival analysis of wild-type and PKD2'® mice. No difference
in survival rate is seen between the wild-type and PKD2' mice up to 12 months of age (n = 25 per genotype). Data presented as means = SD (A and C). Scale
bars: 50 um (D—3J); 100 um (K—Q). cy, cyst; M, months.

MEK1/2, anti—phosphorylated p44/42 MAPK (Erkl/2)
(Thr202/Try204), anti—total p44/42 MAPK (Erk1/2) anti—
cleaved caspase-3 (Asp 175), anti—caspase-3 antibody (Cell
Signaling Technology, Danvers, MA). Secondary antibodies
included cyanine 2—conjugated donkey anti-sheep IgG and
cyanine 3—conjugated goat anti-rabbit IgG (Jackson Immu-
noResearch Laboratories, West Grove, PA) and peroxidase-
conjugated rabbit anti-mouse IgG and peroxidase-conjugated
goat anti-rabbit IgG (Promega, Madison, WI).

Histological Examination, Immunofluorescence, and
Immunohistochemical Analysis

The detailed procedures used for histological examination,
immunofluorescence, and immunohistochemical analysis
staining were published previously.”>*” For microscopic
analyses, an Axioplan 2IE research microscope and an
Axiovert 200 inverted microscope system (Carl Zeiss,
Oberkochen, Germany), with 10x, 20x, and 40x objec-
tives, were used. The Aperio ScanScope system (Leica
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Microsystems, Buffalo Grove, IL) was also used for his-
tological analyses, and digital graphics were viewed and
analyzed using ImageScope viewer software version
12.1.0.5029 (Leica).

Proliferation and Apoptosis

To examine cell proliferation, kidney samples were fixed in
4% buffered paraformaldehyde (Sigma-Aldrich), embedded
in paraffin, and cut into sections on a microtome. After
deparaffinization and rehydration, the samples on slides
were washed in 1x phosphate-buffered saline three times
for 5 minutes each. Microwave retrieval with citrate buffer
(pH 6.0) was used for epitope unmasking. The slides were
then immersed in 3% hydrogen peroxide for 10 minutes to
inactivate endogenous peroxidase, washed with 1x
phosphate-buffered saline three times for 5 minutes each,
and blocked with 2% bovine serum albumin for 1 hour. The
slides were then incubated with an anti-Ki67 or anti-PCNA
antibody overnight at 4°C. After incubation with a cyanine
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3-conjugated goat anti-rabbit secondary antibody, the
slides were stained with DAPI to identify all of the cell
nuclei. Proliferation was measured by counting of the
Ki67-positive or PCNA-positive nuclei. Nuclei were
counted in three randomly chosen high-power fields
(20x) for each sample.

Apoptosis was detected using the DeadEnd Fluorometric
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) kit (Promega) according to the manufacturer’s
manual or by immunofluorescence staining for cleaved Casp3.
For the TUNEL assay, after deparaffinization and rehydration,
the slides of kidney samples were fixed in 4% formaldehyde in
1x phosphate-buffered saline for 15 minutes and then per-
meabilized by proteinase K for 10 minutes. After being
washed in phosphate-buffered saline, the samples were
equilibrated and labeled for 60 minutes. The samples were
then immersed in 2x saline sodium citrate to stop the reaction,
and counterstained with DAPI. Positive apoptosis signals were
detected by fluorescence microscopy. The method of cleaved
Casp3 staining was similar to PCNA and Ki67 staining.
Apoptotic cells were counted in the same manner as were the
proliferation markers.

Statistical Analysis

All assays were repeated at least three times in duplicate or
triplicate, and graphic data are presented as means = SD unless
otherwise stated. Statistical analysis was performed where
appropriate using the Student’s #-test or one-way analysis of
variance, followed by the Tukey multiple-comparison test.
P < 0.05 was considered statistically significant.

Results

Development of a Human PKD2 Transgenic Mouse
Model Lacking Renal Cystic Phenotypes

To investigate the in vivo function of human PC2 in mice,
we generated a transgenic mouse (PKD2'®) that carries the
full-length human PKD2 open reading frame cDNA under
control of the cytomegalovirus immediate early enhancer
and the chicken B-actin promoter (Supplemental Figure S1,
A and B). Southern blot analysis revealed that this PKD2'®

mouse carried four copies of the transgene (Supplemental
Figure S1C).

To characterize the PKD2'® mouse line, we performed
quantitative PCR using primers specific for the human
PKD?2 cDNA or for the wild-type mouse Pkd2 cDNA. The
human PKD2 mRNA was much more greatly expressed
than the mouse Pkd2 mRNA in all of the tissues and organs
tested, including the heart, liver, spleen, lung, kidney,
pancreas, and brain (Figure 1A). Relatively high human
PKD2 expression was seen in the heart and kidneys.
Compared to the endogenous Pkd2 mRNA levels, the
human PKD?2 expression was approximately sevenfold in
the PKD2'® heart, fourfold in the kidney, and twofold in the
liver and pancreas. Western blot analysis of PC2 in the
tested tissues showed protein expression levels similar to the
quantitative PCR results (Figure 1, B and C). Immunohisto-
chemistry analysis and immunofluorescence staining also
showed that compared to that in the wild-type littermates,
markedly stronger PC2 expression was detected in the kidney,
liver, and pancreas of the PKD2'* mice (Figure 1, D—Q).

The PKD2" mice did not show any gross or microscopic
cystic phenotypes in the kidney (Figure 1E), liver (Figure 1H),
or pancreas (Figure 1J). In addition, over the 12-month obser-
vation period, none of the PKD?2' mice died, and their survival
rate was not significantly different from that of their wild-type
littermates (Figure 1R). These findings indicate that PKD2'®
mice ectopically expressed the human orthologue of PC2 and
showed neither abnormal mortality nor cystic phenotypes.

To determine whether a different number of transgenes
could affect the expression level of PC2 in vivo and/or
induce abnormal phenotypes, as previously reported,”**’
we mated male and female hemizygous PKD2-transgenic
mice (PKD2'®) to produce homozygous PKD2-transgenic
mice (PKD2'¢"®). The homozygous transgenic mice,
PKD2'¥"'¢, were identified by determining whether mating
the candidate PKD2'"¢ mouse with a wild-type mouse
generated offspring that were all positive for the hemizy-
gous transgene in at least three litters (Figure 2A), and
whether quantitative PCR analysis of human PKD2
expression in the genomic DNA from the transgenic mice
showed a fold-difference from that of the hemizygous par-
ents (Figure 2B). Once the candidate PKD2'¢"€ mice were
confirmed by both approaches, male and female PKD2'¢"

Figure 2

Generation and characterization of homozygous human PKD2 transgenic mice (PKDZtg/tg). A: Mating strategy. Male and female hemizygous PKD2

transgenic mice (PKD2'%) were mated to generate PKD29/* mice. PKD2'9/9 mice were determined by genotyping the offspring from mating pairs of candidate
PKD2'/* and wild-type (WT) mice; all of the offspring were expected to have been PKD2% positive. B: The candidate PKD2'9/*¢ mice were then confirmed by
performing quantitative PCR of the tail genomic DNA with human transgene primers and comparing the results to age-matched wild-type and PKD2' mice. The
ratio of the copy number of PKD2 to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is over 0.75 in PKD2%/*8 mice, but below 0.6 in PKD2'® mice. Wild-
type mice were used as a negative control. C: Human PKD2 mRNA expression in different organs/tissues of PKD2% (dark gray bars) and PKD2%/*9 (light gray
bars) mice, determined by quantitative PCR analysis. The PKD2 mRNA expression level of PKD2'%/* mice is almost as twice that of the PKD2® mice (n = 3 per
genotype). D: Polycystin (PC)-2 levels in different organs/tissues of PKD2* and PKD2'9/* mice, determined by Western blot analyses with the anti-PC2
antibody (hPKD2-Cp). B-Actin was used as an internal loading control. E: Quantitative analysis of the Western blot results. F—Q: IHC analysis (F—K) and
immunofluorescence (L—Q) staining with the hPKD2-Cp antibody in the kidney, liver, and pancreas shows much higher PC2 labeling in 12-month-old (12M)
PKD2'9/t9 mice than in age-matched PKD2* mice (arrows) (F, L versus G, M, H, N versus I, 0 and J, P versus K, Q). R—T: Histological analysis reveals no
obvious cysts in these samples. n = 9 (B, WT); n = 18 (B, PKD2%); n = 20 (B, PKD2*/*9). Data expressed as means - SD (C and E). Scale bars: 50 um (F—K);
100 pum (L—Q and boxed areas of R—T); 500 um (R—T). M, month; gPCR, quantitative PCR.
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Figure 3  Identification and characterization of compound Pkd2-null mice with a human PKD2 transgene (Pkd2~/~;PKD2"). A: cDNAs transcribed from the
total RNA of 1-month-old Pkd2~/~;PKD2' and age-matched wild-type (WT) kidneys were used for RT-PCR with a pair of mouse Pkd2 cDNA primers. A positive
band is observed in wild-type, but not in Pkd2~/~;PKD2', mice. B: Similar RT-PCR analyses were performed with a pair of human PKD2 cDNA primers. A positive
band is seen in the Pkd2™/~;PKD2, but not the wild-type, kidneys. C: The same RT-PCR results are obtained in liver. Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA was used as a loading control. D: Western blot analyses of organs/tissues of 1-month-old wild-type and Pkd2~/~;PKD2'S mice using
the anti-polycystin (PC)-2 antibody (hPKD2-Cp). PC2 is detected in the kidney, liver, and pancreas of Pkd2-null mice with human PKD2 transgene. B-Actin was
used as a loading control. E: Quantitative analyses of the Western blot results show that PC2 expression is significantly higher than in the wild-type organs.
IHC analysis (IHC) (F and G) and immunofluorescence (IF) (L and M) staining with the hPKD2-Cp antibody to detect PC2 in the kidneys of 1-month-old wild-
type and Pkd2~/~;PKD2" mice. Stronger positive staining (arrows in F, L versus G, M) is seen in the Pkd2~/~;PKD2* kidney than in the age-matched wild-type
kidney. IHC (H—K) and IF (N—Q) staining analyses were used for examine the liver and pancreas of these mice. All results are similar to the kidneys’ staining
(arrows in H, N versus I, 0 and J, P versus K, Q). R: Kaplan-Meier survival analysis of wild-type and Pkd2~/~;PKD2'9 mice. The median survival rate of the

Pkd2~/~:PKD2'% mice was around 6 months. n =

mice were intercrossed to generate enough PKD2'®"*® mice
for further analysis. The expressions of PKD2 and its gene
product PC2 in different tissues were significantly greater in
the homozygous PKD2'€"€ mice than in the hemizygous
PKD2'® mice, as shown by quantitative PCR and Western
blot analyses (Figure 2, C and D). As expected, the PC2
level in the homozygous transgenic mice was nearly twice
that seen in the hemizygous transgenic mice (Figure 2E).
Immunohistochemical analysis and immunofluorescence
staining with the anti-PC2 antibody also showed markedly
greater PC2 expression in the PKD2'¥"€ kidney than in the
PKD2'*® kidney (Figure 2, F and L versus G and M,
respectively). The liver (Figure 2, H and N versus I and O,
respectively) and pancreas (Figure 2, J and P versus K and
Q, respectively) showed similar findings. These results
indicate that the transgene expression level in vivo could be
determined by the copy number of the transgenes.

We next examined whether the greater PC2 expression
induced abnormal developmental defects and cystic phenotypes
in the PKD2'®® mice. Over 12 months, none of the PKD2'¢/

2848

25 (R, per genotype). Data expressed as means & SD (E). Scale bars: 50 pm (F—K); 100 pm (L—Q). M, marker.

mice died, and there was no significant difference in survival
between the wild-type and the PKD2'®'¢ mice (n = 25 per
group; data not shown). There were also no obvious gross or
microscopic cystic phenotypes in the kidney (Figure 2R), liver
(Figure 2S), or pancreas (Figure 2T) in the 12-month-old
PKD2'¢"€ mice. We also examined renal function in the PKD2'®
and PKD2'¢"¢ mice. Compared to those in the age-matched
wild-type mice, there was no statistically significant differ-
ence in the serum blood urea nitrogen (BUN) and creatinine
(CRE) levels in the PKD2'¢ or PKD2'¢"€ mice at any age tested
(Supplemental Figure S2). These results indicate that we
developed a transgenic mouse model that greatly expressed
human PC2 without overt cystic or functional phenotypes.

Ectopically Expressed Human PC2 Fully Rescues
Embryonic Lethality in Pkd2-Null Mice

The loss of PC2 in mice causes embryonic lethality between
embryonic days (E) 13.5 and 15.5, and the embryos show
obvious renal and pancreatic cysts.”' To determine whether
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3-month-old

Gross

Histology

12-month-old
N

Kidney

Figure 4 Cystic phenotypes in the
Pkd2~/~;PKD2' mice. There are no gross cysts
in the 3-month-old Pkd2~/~;PKD2' kidney (A).
Gross cysts are seen in the 6- and 9-month-old
kidneys (arrows) (B and C), and massive gross
cysts occur in the 12-month-old kidneys (D).
Histological analyses of the same kidneys show
findings similar to those from the gross ex-
aminations (E—H). Gross cysts also occur in
the 6-month-old Pkd2~/~;PKD2 liver (arrow),
and the 9- and 12-month-old livers show se-
vere cystic phenotypes that worsened with age
(I-L). Histological examinations of the same
livers (M—P). No gross cysts are found in the
Pkd2™/~;PKD29 pancreas up to the age of 12
months (Q—T). Although there are no histo-
logical cysts in the 3- and 6-month-old
pancreas (U and V), a few cystic lesions are

Liver

Liver

seen in the sections of the 9- and 12-month-
old pancreas (W and X) stained with hema-
toxylin and eosin. Scale bars: 2 mm (A—D); 4

the human PKD?2 transgene could rescue the embryonically
lethal phenotype associated with PC2 loss, we crossed the
PKD?2 transgenic mice (PKD2'®) with Pkd2 heterozygous
mice (Pkd2™") to produce compound Pkd2~’ ;PKD2'®
mice. Although no endogenous Pkd2 was seen in the kid-
neys of Pkd2~'~;PKD2'¢ mice by RT-PCR using a pair of
mouse Pkd2 cDNA primers (Figure 3A), human PKD2
mRNA by using human PKD2 cDNA primers was detected
in the kidneys and liver of these mice (Figure 3, B and C).
To determine whether ectopically expressed human PC2 can

The American Journal of Pathology m ajp.amjpathol.org

mm (I-L); 1 mm (Q-T); 500 pm (E—H, M—P,
U—X); 100 pm (insets).

Pancreas

Pancreas

be appropriately restored in the organ and tissue of Pkd2-
null mice, we performed Western blot analyses to evaluate
expressional levels of PC2 in Pkd2™~ mice with PKD2
transgene (Pkd2~'~;PKD2'®). The Western blot results
showed that the expressed PC2 could be detected in the
kidneys, liver, and pancreas of Pkd2~'~ :PKD?2'¢ mice, even
significantly more than that in age-matched wild types
(Figure 3, D and E). By immunohistochemical analysis and
immunofluorescence staining with the same antibody, posi-
tive PC2 labeling in the kidney (Figure 3, F and L versus G
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DBA/DAPI

AQP2/DAPI

9-month-old

12-month-old

Pkd2’-; PKD2' mouse kidneys
/IDAPI

Nestin-Cre; Pkd2%?; PKD2'9

Nestin-Cre; Pkd2%

Figure 5 Segmental origin of tubular cysts in the Pkd2~/~;PKD2'9 kidneys. A—H: The origins of cystic tubules in the Pkd2~/~;PKD2' kidneys were
determined using immunofluorescence of nephronic markers: Lotus tetragonolobus lectin (LTL) for the proximal tubules; Tamm-Horsfall glycoprotein (THP) for
the distal tubules; Dolichos biflorus agglutinin (DBA); and anti-aquaporin (AQP)-2 for the collecting ducts. A: Positive LTL labeling is detected in some dilated
proximal tubules of the 9-month-old Pkd2~/~;PKD2' kidney. B: Surrounding cystic staining that originated from the distal tubules is detected by THP staining
in the same kidney. C and D: Cysts that were positive for DBA and AQP2 were also observed in the kidney. E—H: Similar findings were made in the 12-month-old
Pkd2~/=;PKD2'S kidney. I—N: Polycystin (PC)-2 re-expression in the kidneys of 1-month-old Nestin-Cre;Pkd2/™;PKD2* and Nestin-Cre;Pkd2™/® mice. The
kidneys were co-stained by an anti-PC2 polyclonal antibody (I) and LTL (3). The merged image (K) shows that LTL-positive tubules (green) have overt PC2
expression (red) in the kidney of Nestin-Cre;Pkd2™/";PKD2'9 mice (arrows). By the same staining (L—N), PC2 expression (red) significantly decreases in
dilated LTL-positive tubules (green) of the Nestin-Cre;Pkd2™/™ kidney (arrow). DAPI dye (blue) was used for stain nuclei. n = 5 (E—H, 9- or 12-month-old
kidneys). Scale bars, 50 pm (A—H); 20 pm (I—N). cy, cyst.

and M, respectively), liver (Figure 3, H, N versus I and O,
respectively), and pancreas (Figure 3, J and P versus K and
Q, respectively) was stronger than in the wild-type controls,
indicating that human PC2 could be greatly restored in the
kidney, liver, and pancreas in Pkd2-null mice, and that em-
bryonic lethality in Pkd2-null mice could be prevented by
human PC2 reexpression. To further validate this finding,
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Kaplan-Meier survival analysis between wild-type and
Pkd2~'";PKD2'¢ mice was performed. The Pkd2 '~ ;PKD2'¢
mice were born at a frequency of 28.6% (n = 70), similar to the
expected Mendelian ratio, supporting that the PKD2 transgene
could fully rescue the embryonic lethality in the Pkd2-null mice.
However, the median survival time in the Pkd2™'":PKD2'®
mice was only up to 6 months of age (Figure 3R),
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Newborn 1-month-old 3-month-old 6-month-old 6-month-old
A B . C D
) iy Y
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F G . H |

Pkd2";PKD2'

Acetyl-tubulin

Figure 6  Rescue of cardiac septum defects in Pkd2-null mice by the expression of human polycystin (PC)-2. A—J: Compared to age-matched wild-type (WT)
mice (A—D), no abnormal ventricular or atrial septa are found in the newborn (F) or the 1- (G), 3- (H), or 6-month-old (I) heart of Pkd2-null mice with a
hemizygous PKD2 transgene (Pde’/’;PKDZtg), respectively. All of the Pkd2~/~;PKD2" mice tested had a heart in which the apex pointed to the left (lev-
ocardia), consistent with wild-type mice (E and J). K—P: Polycystin (PC)-2 re-expression in cilia at the embryonic node. Cilia at the embryonic nodes of
embryonic days (E) 7.5 Pkd2~/~ and Pkd2~/~;PKD2" mice were co-stained by an anti-acetylated tubulin antibody (K) and an anti-PC2 polyclonal antibody (L).
The merged image (M) shows there is only acetylated tubulin staining (red) in the node cilia of E7.5 Pkd2~/~ mice. By the same staining (N—P), PC2 (green)

can be re-expressed in cilia at the embryonic node of E7.5 Pkd2~/~;PKD2" mice (arrow). n = 5 (A—J, each age of wild-type or Pkd2~/~;PKD29). Scale bars:
1.6 mm (A and F); 1.3 mm (B and G); 0.8 mm (C, D, H and I); 3 mm (E and J); 50 um (K—P).

Acetyl-tubulin/
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Figure 7  Allelic increase in the PKD2 transgene
remarkably improves the prognosis of Pkd2-deficient
mice. A: Kaplan-Meier survival analysis of wild-type (WT),
Pkd2™/~;PKD2S, and Pkd2~/~;PKD2'*/*® mice. Pkd2-null
mice with homozygous PKDZ2 transgenes (Pde_/_;
PKD2'9/*3) show a much higher survival rate than Pkd2-
null mice with the hemizygous PKDZ2 transgene (Pde*/*;
PKD2'9). Median survival rate of the Pkd2~/~;PKD2'9/*9
mice is approximately 12 months, whereas that of Pkd2~/~;
PKD2'9 mice is around 6 months. B: Kidney/body ratio
(kidney index) of 1-, 3-, 6-, 9-, and 12-month-old wild-type,
Pkd2~/~;PKD2', and Pkd2~/~;PKD2'¥" mice. C: Liver/
body ratio (liver index) of the same mice. D—AA: Cystic
phenotypes in the Pkd2™/~;PKD2'%/*9 kidney, liver, and
pancreas. No obvious gross cysts are found in the Pkd2~/~;
PKD2'9/*9 kidneys up to the age of 12 months (D—G).
Histological analysis reveals similar findings (H—K), but
sporadic histological cysts are found in the kidney of
12-month-old Pkd2~/~;PKD2%/* mice (K). No gross cysts are
seen in the 3- and 6-month-old liver (L and M), but they are
seen in the 9- and 12-month-old liver (arrows) (N and 0).
Histological examination reveals cystic lesions in the
Pkd2~/~;PKD2*/ liver at 6 months (Q), and the cystic
phenotype worsens with age (R and S). There are no
obvious gross or histological cysts in the pancreas of
these mice (T—AA). High-power images of the boxed areas
are shown in the lower-left corners. BB: Blood urea nitrogen
(BUN) levels of 1-, 3-, 6-, 9-, and 12-month-old wild-type,
Pkd2~/~;PKD2%, and Pkd2~/~;PKD2'¥/* mice. Significantly
higher elevations are detected in the 9- and 12-month-old
Pkd2~/~;PKD2" mice compared to age-matched wild-type
and Pkd2~/~;PKD2'¥/* mice, respectively. There is no sig-
nificant difference between the BUN levels in wild-type and
Pkd2~/~;PKD2'%/*8 mice. CC: Similar findings are obtained in
the creatinine (CRE) analysis of the same mice. However, a
significant difference between the CRE levels of wild-type
and Pkd2~/~;PKD2%/® mice is found only at the age of 12
months. *P < 0.05, **P < 0.01, and ***P < 0.001.n = 3
—*— (B, wild-type); n = 5 (B, Pkd2~/~;PKD2® and Pkd2~/~;
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suggesting that these mice might still die from the dis-
ease phenotype.

To investigate the phenotype, we examined Pkd2 " ;PKD2'¢
mice by gross and histological analyses. On gross examination,
almost no cysts could be seen in the kidneys (Figure 4A) or liver
(Figure 41) in the Pkd2™~;PKD2'¢ mice up to the age of 3
months, or in the pancreas before 12 months (Figure 4, Q—T).
However, gross cysts were observed in the kidney (Figure 4, A
versus B—D) and liver (Figure 4, I versus J—L) starting at 6
months. Histological analysis revealed findings similar to those
of the gross examination, with the cystic progression in the
Pkd2™"";PKD2'® mice worsening with age (Figure 4,
E—H, M—P, and U—X). These results suggested that the
Pkd2™'~;PKD2'¢ mice could still develop progressive cyst
formation in the kidneys, although the transgenically
expressed human PC2 was able to significantly suppress the
cystogenesis in Pkd2-deficient mice.

We next investigated the nephron-segment origin of the
renal cysts in the Pkd2'";PKD2'® mice using nephron-
specific markers: Lotus tetragonolobus lectin for the prox-
imal tubule, antibody to Tamm-Horsfall glycoprotein for the
medullary thick ascending limb of the loop of Henle and
distal convoluted tubules, and Dolichos biflorus agglutinin
and anti—aquaporin-2 antibody for the collecting ducts. The
staining results revealed that although some obvious dilated
tubules were from the proximal portion of the nephron
(Figure 5, A and E), the large renal cysts of the aged Pkd2 ™~
PKD2'"® mice were mostly derived from the distal tubules
(Figure 5, B and F) and collecting ducts of the nephron
(Figure 5, C and G and D and H). These findings indicate that
the renal cysts in the Pkd2~"~ :PKD2'¢ mice were derived from
all parts of the nephron segment but predominated in the distal
parts of the nephron, as has previously been reported.'®**

To confirm that cyst progression was retarded by reex-
pression of human PC2 in the Pkd2™"~:PKD2'® kidney, we
used our previously generated Pkd2 conditional knockout mice
(PdeB/B)23 to cross with the Nestin-Cre transgenic mice, in
which Cre expression was widely initiated in the kidneys at
E15.5.%9°9%! Resulting Nestin-Cre;PdeB’B mice were then
mated with PKD2' to produce Nestin-Cre;Pkd2™"2;PKD2'¢
mice. Compared to similarly high PC2 expression in the
1-month-old Nestin—Cre;PdeB/B;PKDZtg kidney (Figure 5,
I—K), variable and significant absence of PC2 expression was
seen in Lotus tetragonolobus lectin—positive nephron
segments of the same aged Nestin-Cre;Pkd2™'" kidneys
(Figure 5, L—N). Findings were similar in the Tamm-
Horsfall glycoprotein- and aquaporin-2/Dolichos biflorus
agglutinin—positive tubules of the tested kidneys (data not
shown). Immunofluorescence staining indicated that Pkd2-
deficient mice with PKD2'® reexpressed PC2 in diverse
renal tubules, by which renal cyst might be largely
ameliorated.

Collectively, these results demonstrate that functional resto-
ration by the human PKD?2 transgene could rescue embryonic
lethality in Pkd2-null mice and significantly postpone the onset
of ADPKD phenotypes.

The American Journal of Pathology m ajp.amjpathol.org

Human PC2 Rescues Cardiac Septum and Left-Right
Determination Defects in Pkd2-Null Mice

Previous studies showed that Pkd2-null embryos exhibit
cardiac septum defects and abnormal laterality, which
manifests as situs inversus involving the stomach, liver,
lung, spleen, and pancreas.”'~** To explore whether
transgenic restoration of PC2 could rescue these abnormal
phenotypes, we examined the cardiac and left-right axis
development in the Pkd2™’~;PKD2'¢ mice. There were no
laterality defects in the 1-month-old Pkd2 ™" ";PKD2'® mice
examined (Figure 6, A—J and Supplemental Table S1). In
addition, the interventricular septum and atrial septum were
also histologically normal in the same mice examined
(Figure 6, A—D and F—I). The laterality defects associated
with Pkd2 knockouts have previously been attributed to the
absence of PC2 expression in the cilia of the embryonic
node, which are usually considered to be involved
in establishing the left-right axis.”* The finding that no
surviving mice showed any laterality defects, coupled with
our observation that there was no embryonic or perinatal
lethality in the transgenically rescued null animals, suggests
that PKD2' efficiently expressed PC2 cilia in the embryonic
node. We investigated this hypothesis directly by examining
PC2 expression in the embryonic node in E7.5 Pkd2 ™'~ and
Pkd2~'~;PKD2'® mice. We confirmed that PC2 was absent
in the embryonic node in E7.5 Pkd2™'~ mice (Figure 6,
K—M) and found that PC2 expression was indeed restored
in cilia at the embryonic node in E7.5 Pkd2~'~ :PKD2" mice
(Figure 6, N—P). In general, these results indicate that the
cardiac and laterality defects in the Pkd2-null mice are
restored by functional expression of the human PKD?2
transgene.

Kidney and Liver Cysts in Pkd2-Deficient Mice
Are Significantly Ameliorated by a Transgene
Dosage—Dependent Effect

Although embryonic lethality in the Pkd2-null mice
was fully rescued by the human PKD2-transgene allele
(Pkd2_/ “;PKD2'®), these mice still developed wide-
spread cystic kidneys and liver by the age of 9 months
(Figure 4, G and H, and O and P). We hypothesized
that increasing the level of functional PC2 expression
might further ameliorate the cystic phenotypes and
improve prognosis in the Pkd2-deficient mice.

Using an approach similar to that described in Figure 2A, we
obtained Pkd2-null mice with homozygous PKD2-transgene
alleles (ie, Pkd2 '~ ;PKD2'¢"€). Kaplan-Meier analysis revealed
that approximately 90% of the Pkd2™'~;PKD2'¢"®
mice survived beyond 8 months, whereas <50% of the
Pkd2~'=;PKD2'® mice survived past this age (P < 0.01).
Furthermore, approximately 50% of the Pkd2~'~;PKD2'®"'¢
mice survived for 12 months, whereas only 5% of the
Pkd2~'~;PKD2'¢ mice survived (P < 0.01) (Figure 7A).
These results indicate that the double-allelic restoration of
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the human PKD?2 transgene markedly improved survival in
Pkd?2-deficient mice.

To evaluate the disease severity between the Pkd2-null
mice with single PKD2'®- and double PKD2'€"-transgene
alleles, we examined the kidney/body weight and liver/body
weight ratios as kidney and liver indexes. Significant dif-
ferences in kidney and liver indexes in the Pkd2~'—;PKD2'¢
mice compared to those in wild-type mice began to occur at
3 months of age. However, the Pkd2~'~:PKD2'¥*® mice
showed significant differences in the kidney index at 12
months (P < 0.05) and in the liver index at 6 months
(P < 0.05) (Figure 7, B and C). These results indicate that
the double-transgene alleles still could not fully rescue
kidney and liver indexes to normal levels, although cystic
progression was much milder in the Pkd2~'~;PKD2'¥‘¢
mice than in the Pkd2~'~;PKD2'® mice.

We also compared the cystic phenotypes of the
disease-affected organs between the Pkd2~'~;PKD2'¢ and
Pkd2~'~;PKD2'¢"'¢ mice. We examined the kidney, liver,
and pancreas in the mice at 1, 3, 6, 9, and 12 months of
age (n = 5 per age group). Strikingly, no obvious gross
cysts were observed in the kidneys (Figure 7, D—G) or
pancreas (Figure 7, T—W) in the Pkd2~'~;PKD2'¢"*® mice
up to the age of 12 months. There was also no obvious
gross cysts in the mouse liver until the age of 6 months
(Figure 7, L and M), but small gross cysts were observed
in the liver in Pkd2~'~;PKD2'¥"® mice at and after 9
months (Figure 7, N and O). Histological analysis
showed findings similar to those of the gross examina-
tion; that is, no obvious microscopic cysts were found in
the kidneys (Figure 7, H—J) or pancreas (Figure 7,
X—AA) in the Pkd2~'~;PKD2'¢"'¢ mice up to 9 and 12
months of age, respectively, although a small number of
microscopic cysts were seen in the kidneys at 12 months
(Figure 7K) and in the liver beyond 6 months (Figure 7,
Q—S). Compared to the Pkd2~'~;PKD2'¢ mice on cystic
analysis (Figure 4), these results indicate that the homo-
zygous PKD2-transgene alleles almost fully rescued the
cystic phenotypes in ADPKD mice in a transgene dose-
dependent manner, but also point to the existence of
some non—kidney-related factors in the reduced survival in
transgenically rescued Pkd2-null animals.

In addition, we investigated the renal phenotype of Nestin-
Cre; Pkd2™™ mice with and without human PKD2'® allele(s).
By gross and histological analyses, a finding similar to that in
the Pkd2 ™"~ ;PKD2'€ kidneys (Figure 4) could be seen in the

kidneys in Nestin—Cre;PdeB/ 3 :PKD2'¢ and Nestin-
Cre;Pkd2™";PKD2'¢"¢ mice (Supplemental Figure S3). The
results provided the further evidence that the transgenically
expressed human PC2 was able to significantly suppress
cystogenesis in Pkd2-deficient mice.

To assess the functional manifestations of progressive
cystic disease, we examined renal function—related in-
dictors: serum BUN and CRE. We found that the BUN and
CRE levels were significantly elevated, and worsened with
age, in the Pkd2™’ ~:PKD2'¢ mice compared with those in the
age-matched wild-type mice (Figure 7, BB and CC). Notably,
the elevated BUN and CRE levels in the Pkd2 ™'~ ;PKD2'¢ mice
were significantly improved in the Pkd2~'~;PKD2'¥"¢ mice.
Except for the CRE level at 12 months (Figure 7CC), the BUN
and CRE levels in the Pkd2 '~ :PKD2'¥'¢ mice were rescued to
the normal levels of the age-matched wild-type mice, suggest-
ing that the impaired renal function in the Pkd2™'~;PKD2'
mice was correlated with the improvement in polycystic disease
severity with the addition of another PKD2-transgene allele.

Abnormal Proliferation in the Cystic Kidneys Is
Rectified by the Restoration of Functional PC2

Previous studies have demonstrated that renal cyst forma-
tion is closely associated with aberrant proliferation and
apoptosis,” ** that abnormal cell proliferation is a major
feature of the cystic kidneys in ADPKD,”” and that loss of
the ADPKD causal gene products, PC1 and PC2, results in
increased proliferation and/or increased apoptosis of renal
epithelial cells in vivo and in vitro.”"*~** Our previous
study also indicated that PC2 loss increased cell prolifera-
tion and apoptosis in vitro.”> We therefore determined
whether abnormal proliferation or apoptosis was a major
contributor to cystogenesis in ADPKD in the Pkd2™'~;
PKD2'® and Pkd2™'~;PKD2'¢"€ model systems. We exam-
ined kidney sections from wild-type, PKD2'¢, PKD2'¢"¢,
Pkd2™'";PKD2'®, and Pkd2™'~;PKD2"¥*® mice at different
ages (1, 3, 6, 9, and 12 months) for proliferation markers
(Ki67 and PCNA) and apoptosis markers (TUNEL and
cleaved Casp3). The results showed no statistical difference
in proliferation or apoptosis between the wild-type mice and
those with a single transgene (ie, PKD2'®) or double trans-
genes (ie, PKD2'®®) alone (data not shown). However,
increased labeling of proliferation markers was seen in the
Pkd2~'~;PKD2'¢ kidneys compared to wild-type kidneys from
the age of 6 months (Figure 8, A—F, M and N), whereas

Figure 8

Allelically increased PC2 expression prevents excessive cell proliferation in the cystic kidneys of Pkd2-deficient mice. A—L: Proliferation and

apoptosis status of 12-month-old wild-type (WT), Pkd2~/~;PKD2", and Pkd2~/~;PKD2"%/*8 mice were analyzed by immunofluorescence staining. Prolif-
eration markers Ki-67 and proliferating cell nuclear antigen (PCNA) (arrows in A—F) re detected to assess the proliferation rate in the kidneys of wild-type,
Pkd2~/=;PKD2"9, and Pkd2~/~;PKD2'9/*9 mice. Apoptosis was assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and
anti—cleaved caspase-3 antibody (arrows) staining in the same mice (G—L). M and N: Significantly elevated proliferation rates are found between the
kidneys of wild-type and Pkd2~/~;PKD2' mice starting at the age of 6 months, and these increased rates are significantly suppressed by allelically
increasing the number of PKD2 transgenes (n = 8 per genotype). 0 and P: The same kidneys were analyzed for apoptosis markers. Significantly different
apoptosis is detected only between the kidneys of 12-month-old wild-type and Pkd2~/~;PKD2% or Pkd2~/~;PKD2'%/*3 mice. *P < 0.05, **P < 0.01, and

***P < 0.001. Scale bar = 60 um (A—L). M, months.
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Figure 9  Polycystin (PC)-2 deficiency significantly up-regulates the Akt/MAPK signaling pathway. A: Duplicated protein lysates from the 9-month-old kidneys
were immunoblotted with antibodies to phospho-Akt (pAkt) and total Akt (tAkt); phospho—c-serine/threonine-protein kinase (pc-Raf) and total c-Raf (tc-Raf);
phospho— marker extraction kernel (pMEK)-1/2 and total MEK1/2 (tMEK1/2); and phospho-Erk1/2 (pErk1/2) and total Erk1/2; cleaved caspase (Casp)-3 and
Casp3; B-actin (a protein-loading control). B: A normalized quantitative analysis was performed using the densitometry values from the Western blots for cleaved-
casp3/casp3. Other normalized quantitative analyses of the densitometry values of pAkt/tAkt (C), pc-Raf/tc-Raf (D), pMEK1/2/tMEK1/2 (E), and pErk1/2/tErk1/2
(F) were also performed. Compared to the age-matched wild-type (WT) kidneys, the statistical analysis indicates significant up-regulation of Akt and its down-
stream factors in the Pkd2~/~;PKD2% kidneys, but not in Pkd2~/~;PKD2%%/* kidneys. Data expressed as means & SD (B—F). **P < 0.01, ***P < 0.001.

minimally increased apoptosis labeling was observed only at
the age of 12 months (Figure 8, G—L, O and P). The increased
proliferation rate in the Pkd2~'~;PKD2'€ kidneys was signifi-
cantly reduced by the additional PKD2-transgene allele
(ie, Pkd2~'~;PKD2'¢"¢), whereas the apoptosis rate was not
(Figure 8, M—P). Notably, although the abnormal proliferation
in the Pkd2~'~;PKD2'¢ kidneys fully recovered to the wild-type
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level in the Pkd2~'~;PKD2'¢"¢ kidneys at 6 and 9 months, there
was still a significant difference at 12 months between the wild-
type and Pkd2 ™'~ ;PKD2""€ kidneys (P < 0.05) (Figure 8, M
and N), suggesting that normal proliferation could not be fully
restored in Pkd2-null mice with the homozygous transgene
alleles. An increased apoptosis rate was observed in only the
12-month-old Pkd2~’ ~:PKD2'® kidneys (P < 0.05), but this
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Table 1  Allelic Human PKD2 Transgene Restoration in Pkd2 ™/~ Mice
Genotype Wild type PKD2" PKD2t9/t9 Pkd2=/~ Pkd2~/~;PKD2"S Pkd2~/~:PKD2'9/*9
Life stage Adult Adult Adult Embryonic Adult Adult
Developmental defects
Embryonic lethality - — - + — -
Cardiac defects - - - + — —
Cystic phenotypes
Cysts in kidney - - - +++ +++ +/—-
Cysts in Liver - - - —* ++ +
Cysts in pancreas - - - ++ +++ —
Cell abnormalities
Proliferation markers - - - N/A +++ +
Apoptosis markers — — - N/A — 4T — 4t
Renal function
BUN — - - N/A + -
CRE — - — N/A + +1

*No Lliver cysts occur in embryonic stage.
fOnly at 12 month of age.

—, negative/normal; +, positive/abnormal (+++, very severe; 4+, severe; +, obvious; £, few); BUN, blood urea nitrogen; CRE, creatinine; N/A, not

applicable.

increased rate was not rescued by the allelic increase in PC2
(Figure 8, O and P).

To investigate the molecular mechanism by which the
restoration of human PC2 affected proliferation and apoptosis,
we used Western blot analyses to examine the apoptotic marker
Casp3 and the proliferation-related markers Akt, serine/
threonine-protein kinase (c-Raf), mitogen-activated protein
kinases (MEK), and extracellular-signal-regulated kinases
(Erk), which have been recognized in many other
studies,” ***'"* in the 9-month-old wild-type, Pkd2~'";
PKD2'¢, and Pkd2™'~;PKD2'®"€ kidneys. Consistent with the
apoptotic finding in Figure 8, G—L, O and P, there was no
significant difference in the levels of the cleaved Casp3
expression (Figure 9, A and B). However, Western blot results
showed that the Pkd2 '~ ;PKD2'¢ kidney exhibited significant
up-regulation of phosphorylated Akt, c-Raf, MEK, and Erk
expression (Figure 9, A and C—F), indicating that insufficient
reexpression of PC2 significantly elevated all proliferation-
associated markers via the dysregulation of Akt phosphoryla-
tion and its downstream factors. Interestingly, abnormally
elevated expression of these proliferative markers could be
recovered to wild-type levels by allelic PC2 increase (Figure 9,
C—F). Correlated with the finding of massive cysts in the
Pkd2™"~;PKD2'¢ kidney (Figure 4), but not in the Pkd2™'";
PKD2'®"¢ kidneys (Figure 7), the results indicate that cysto-
genesis might result from dysregulation of the Akt/c-Raf/MEK/
Erk cascade, which may be the molecular mechanism under-
lying the increased renal proliferation in ADPKD. In aggregate,
the data support the hypothesis that proliferation, but not
apoptosis, plays a crucial role in cystogenesis in ADPKD.

Discussion

In recent years, considerable advances have been made in
elucidating the cellular and molecular mechanisms
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underlying the pathogenesis of ADPKD.”'*7:4245750
However, there is still no effective therapy for this disease,
and the prognosis for ADPKD patients has not substantially
improved. Currently, a number of drugs targeting diverse cell
signaling pathways that lead to abnormal cell proliferation,
apoptosis, and fluid secretion are being studied in preclinical
and clinical trials, but only a few show promise in slowing
renal cyst progression, and their clinical application is still
uncertain.>>!~>® Therefore, more therapeutic strategies that
could lead to new drugs or therapeutic interventions for
ADPKD are desired.

To this end, we proposed to use the human PKD2
transgene in mouse mutant models for Pkd2.?'* The mouse
homologue of human PKD?2 has been cloned and mapped to
mouse chromosome 5.°* The mouse Pkd2 cDNA sequence
is 5134 bp long and is predicted to encode a 966-amino-acid
integral membrane protein. There is overall high conserva-
tion within the coding regions of the mouse and human
genes, with 87% identity at the nucleotide level and 91%
identity and 98% similarity at the amino acid level. Both
human and mouse PC2 proteins are also greatly conserved,
including all structure and functional domains. We therefore
attempted to use mouse mutant models for Pkd2 as a plat-
form to explore the use of causal gene replacement in
treating mouse ADPKD and tested whether the human
PKD?2 transgene would also have a clinical value in treating
ADPKD patients.

In this study, we investigated the effects of reexpression
of human PC2 using a generalized, heterologous promoter
construct. Systematic characterization of the PKD2*® mice
revealed that the ectopically overexpressed PC2 was widely
detected in tissues. Nonetheless, there was no obvious
abnormal phenotype in the mice with hemizygous (PKD2'®)
or homozygous (PKD2'¢"®) transgene alleles, suggesting
that the overexpression of human PC2 in this model does
not exert any deleterious effects during mouse development.
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Transgenic mouse models that overexpress the human
orthologous PKDI or PKD2 genes have been useful for
understanding the pathogenesis of ADPKD. For PKDI
transgenic mice, some controversial results have been re-
ported. Some mice with PKDI transgene exhibit cyst for-
mation in the kidney,”>>® but some do not.’’ In PKD2
transgenic mice, a similar situation can also be seen. A
group reported a PKD2 transgenic model in which human
PKD2 cDNA was used, but this PKD2 transgenic model
developed sporadic renal cysts over the age of 6 months.*
In addition, a PKD?2 bacterial artificial chromosome trans-
genic mice that show renal tubulopathy with pathological
cysts/tubule dilation have been generated.”’ However, in
this study, our PKD2-transgenic line exhibited no obvious
cystic phenotype or any other disease defects up to 12
months of age, indicating that the appropriate heterologous
overexpression of functional PC2 alone may not impair
mouse embryogenesis or organogenesis. We surmised that
some of the discordant findings in Pkd2-transgenic mice
might be caused by transgene copy number and levels of
functional PC2 expression.

Pkd2-null mice are known to die during embryogen-
esis.”’? In the present study, Pkd2-null mice with a hemi-
zygous human PKD2-transgene allele (Pkd2™';PKD2'®)
fully rescued the lethal phenotype, suggesting that the human
PC2 was fully functional during mouse development. How-
ever, the adult Pkd2™ ~:PKD2'® mice still showed cyst for-
mation in the kidney, liver, and pancreas. We therefore
hypothesized that the cystic phenotypes were related to the
level of functional PC2 expression, and deduced that allelic
increase of the transgene would be beneficial to Pkd2-null
mice. Consistent with the hypothesis, we found that mice
with homozygous PKD2-transgene alleles (PKD2'¢"®)
expressed PC2 at a level double that of the PKD2'® mice, and
that the kidney and liver cysts seen in the Pkd2 ™~ ~;PKD2'¢
mice almost disappeared in Pkd2-null mice with homozy-
gous PKD2-transgene alleles (Pkd2 ™' ~;PKD2'€"€). In addi-
tion, the Pkd2 ' ~;PKD2'¥"'€ mice also had a greater 12-month
survival rate than the Pkd2~'~;PKD2'€ mice. The finding that
homozygous transgenic PKD2 expression was associated
with a better prognosis in an ADPKD model indicates that the
disease phenotypes were rescued by the transgene in a dose-
dependent manner.

Increased proliferation and apoptosis were considered to be
the primary driver for cyst growth in loss-of-function models
based on the orthologous Pkd1 and Pkd2 genes.”*** " Since
Pkd2~"~;PKD2'¢ produced more severe cystic phenotypes in
the kidneys and liver than Pkd2~'—;PKD2'®"¢, we used our
model system to examine whether decreased proliferation or
apoptosis was most important for the reduction in cystogenesis
with transgenic rescue in ADPKD. We observed increased
proliferation in the Pkd2 '~ ;PKD2'¢ kidney starting at 6 months
of age and that this proliferative abnormality was corrected to
the wild-type level by the double-transgene alleles until 9
months of age. In contrast, increased apoptosis was seen only in
the 12-month-old Pkd2~'~:PKD2'¢ kidneys and was not
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recovered by the additional transgene allele. These results
indicate that PC2 effects on kidney tubule cell proliferation
plays a key role in cyst formation in ADPKD, although a role
for apoptosis could not be completely excluded.

In addition, the late-stage mortality can be seen in Pkd2-null
mice with hemizygous and homozygous PKD?2 transgene
(Pkd2™"~:PKD2'¢ and Pkd2~~;PKD2'¢"¢). The causes of the
late-stage mortality in transgenically rescued animals are
unclear. The relatively significant cystic disease seen in the
Pkd2-null mice with hemizygous transgene (Pkd2 " ;PKD2')
suggests a possible contribution from kidney failure, but this is
unlikely to be the whole explanation and certainly would
not explain the increased late-stage mortality observed in
the Pkd2-null mice with homozygous PKD2 transgene
(Pkd2~'~;PKD2'¢"'®). However, a result of the current
study (Figure 8, M—P) may imply a cue for the cause of
late-stage mortality in Pkd2~'~;PKD2'¥"¢ mice. Abnormally
increased proliferation and apoptosis in the Pkd2™";PKD2'¢
kidney were rectified down to wild-type level by homozygous
PKD?2 transgene until age 9 months, but not 12 months, sug-
gesting that ectopic PC2 expression might not fully rescue the
cellular defects in the late-stage Pkd2~’~;PKD2'?"® mouse.
Beyond that, the transgenes may be partially silenced over time.
These factors may account for the relatively sporadic appearance
of late-stage cystic disease in the transgenically rescued null
animals. Together with unrecovered proliferation and apoptosis
in late-stage Pkd2~’";PKD2'¥"¢ mice, similarly variegated
transgene expression in other organs and cell types may
contribute to the overall mortality in the late-stage rescued
animals.

Cardiac heterotaxy associated with laterality defects have
also been reported in Pkd2-null mice.”’**** To determine
whether the ectopic expression of the human PKD?2 trans-
gene was able to eliminate these defects, we systematically
examined the cardiac structure and axis of the left-right
determination in the Pkd2-null mice with the PKD2 trans-
gene. Our data revealed no such defects in the transgenic
mice examined, and the finding that PC2 expression was
indeed restored in cilia at the embryonic node of E7.5
Pkd2~'";PKD2'® mice supports the conclusion that the
cardiac and laterality defects in the Pkd2-null mice are
restored by functional expression of the human PKD?2
transgene, most likely in the cilia of the embryonic node.

In summary, we have developed a new transgenic mouse
line in which the overexpression of human PC2 was detected
in the kidney, liver, and pancreas, which were all affected by
ADPKD. In particular, this new PKD2-transgenic mouse line
does not display obvious disease phenotypes on a wild-type
background. Expression of the human PC2 fully rescued the
embryonic lethality and cardiac defects in Pkd2-null mice, and
markedly slowed the formation of cysts in the kidneys, liver,
and pancreas in Pkd2-deficient mice, in a transgene-dose—
dependent manner. Using this model system, we also deduced
that this beneficial effect results from reduced proliferation of
cyst-prone epithelial cells in mouse models of ADPKD with
Pkd? inactivation (Table 1). These findings shed light on the
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use of gene transfer to treat ADPKD, for which no suitable
therapy is currently available.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2015.06.014.
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