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Abstract

Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common inherited
genetic diseases, caused by mutations in PKDZ and/ or PKDZ. Infertility and reproductive tract
abnormalities in male ADPKD patients are very common and have higher incidence than in the
general population. In this work, we reveal novel roles of Pkd2for male reproductive system
development. Disruption of Pka2 caused dilation of mesonephric tubules/efferent ducts, failure of
epididymal coiling, and defective testicular development. Deletion of Pkd2in the epithelia alone
was sufficient to cause reproductive tract defects seen in Pkd2”~ mice, suggesting that epithelial
PkdZ plays a pivotal role for development and maintenance of the male reproductive tract. In the
testis, Pka2also plays a role in interstitial tissue and testicular cord development. In-depth analysis
of epithelial-specific knockout mice revealed that Pka2is critical to maintain cellular phenotype
and developmental signaling in the male reproductive system. Taken together, our data for the first
time reveal novel roles for Pkd2in male reproductive system development and provide new
insights in male reproductive system abnormality and infertility in ADPKD patients.
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Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common
genetic diseases in humans affecting all ethnic groups worldwide with an incidence up to 1
in 500. Renal pathogenesis of ADPKD is characterized by development of renal cysts,
enlargement of kidneys and progressive loss of renal function. Over half of ADPKD patients
proceed to end-stage renal disease by the fifth and sixth decades. ADPKD is caused by a
spectrum of mutations in KD on chromosome 16 and/or PKDZ2 gene on chromosome 4.
PKD1 mutations account for over 85% of the cases; PKD2 mutations are responsible for the
rest of the cases. Reproductive system abnormalities and infertility in male ADPKD patients
are very common and have a higher incidence than in the general population, suggesting that
ADPKD genes are required for development or maintenance of the male reproductive
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system (Belet et al., 2002; Kanagarajah et al., 2011; Manno et al., 2005; Torra et al., 2008;
\ora et al., 2008).

The male reproductive system consists of a set of sex organs, including the paired testes and
a network of excretory ducts known as the reproductive tract. The male reproductive tract
consists of a number of sex accessary organs, including the efferent ducts, epididymis, vas
deferens, and seminal vesicle on each side. The efferent ducts, connecting the testis to the
epididymis, are formed by mesonephric tubule remodeling, while other structures are mostly
derived from the Wolffian duct that is degenerated in females (Cornwall, 2009; Hannema
and Hughes, 2007; Herpin and Schartl, 2011; Joseph et al., 2009). Testis development is
initiated by establishment of a group of specialized epithelial cells during early
gonadogenesis, the Sertoli cells, which are derived from the coelomic epithelium at the
genital ridge (Brennan and Capel, 2004; Karl and Capel, 1998). The newly emerged Sertoli
cells align around aggregates of the primordial germ cells (PGCs), which migrate to the
genital ridge at an earlier stage (E8.5 to E9.5 in mice), to form the testicular cords (Brennan
and Capel, 2004; Molyneaux and Wylie, 2004). An important function of the Sertoli cells is
to secret anti- Millerian hormone (AMH) to inhibit development of the female sex organ
primordia. The interstitial compartment of the male gonad is formed by mesenchymal cells
which migrate from the mesonephros during gonadogenesis (Brennan and Capel, 2004;
Combes et al., 2009; Martineau et al., 1997). These mesenchymal cells differentiate into
various cell types, including endothelial cells, peritubular myoid cells, and the Leydig cells
(Brennan and Capel, 2004; Combes et al., 2009). The testicular cords, after being formed,
continuously grow and convolute, and eventually mature into the seminiferous ducts. Sperm
are generated in the testis and mature while migrating through the tortuous and lengthy
reproductive tract.

In a previous study, we showed that the PkdI gene plays essential roles for male
reproductive tract development (Nie and Arend, 2013). Here, we examined if PkdZ, is also
required for male reproductive system development. The PkdZ2 gene encodes polycystin-2
(PC-2), a membrane protein with six transmembrane domains that are homologous to the
last six transmembrane domains of polycystin -1 (PC-1) (Cai et al., 1999; Chapin and
Caplan, 2010; Wilson, 2001). Unlike PC-1, the N-terminal and C-terminal of PC-2 are both
intracellularly located. PC-2 serves as an ion channel for a variety of cell types and is critical
for development of a number of organ systems (Chapin and Caplan, 2010; Gonzalez-Perrett
et al., 2001; Koulen et al., 2002; Tsiokas et al., 2007; Wilson, 2001). Multiple lines of
evidence demonstrate that PC-1 and PC-2 are co-localized in a variety of cell types. Physical
interactions of PC-1 and PC-2 have also been detected at their intracellular domains
(Casuscelli et al., 2009; Qian et al., 1997; Xu et al., 2003; Yoder et al., 2002). Further,
disruption of PkdZ and PkdZin mice results in similar phenotypes in many organ systems.
Yet, PkdZalso displays unique expression and functions that are not found for PkdZ. For
example, Pkd2is expressed in cells of the embryo node and plays an essential role for body
left-right determination, in which Pkd1 is not required (Bataille et al., 2011; Yoshiba et al.,
2012). Overall, Pkd1 and PkdZ exert both common and independent functions during
organogenesis. In this study, we reveal novel roles for Pkd2in male reproductive system
development.

Differentiation. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nie and Arend

Page 3

Material and methods

Mice

Animal use protocol was approved by Johns Hopkins University Animal Care and Use
Committee. Pka1LacZ/*(Pkd1™"), Pka2L0XPILOXP  pra2*/~ and Pax2-cre mice were described
elsewhere (Bhunia et al., 2002; Garcia-Gonzalez et al., 2010; Ohyama and Groves, 2004;
Wau et al., 2000). The mice were maintained in a mixed background and genotyped by PCR.

Histology, immunohistochemistry and immunofluorescence

Histology, immunofluorescence and immunohistochemistry were performed using paraffin
sections at thickness of 7um. Tissue preparation and embedding were performed using
standard procedures. Hematoxylin and eosin staining was used for histologic study.
Immunohistochemical staining and immunofluorescence were performed using antibodies to
PC-2 (Millipore), phospho-Smad2 (Cell signaling Technology), phospho-Smad1/5(Cell
signaling Technology), pan-cytokeratin (sigma), p-catenin (Sigma), a-tubulin (Neomarkers),
and laminin (Sigma). Secondary antibodies were either horseradish peroxidase (HRP) or
fluorescence conjugated. Antibody dilution followed manufacturer’s recommendations.
Diaminobenzidine (DAB) was used for HRP-mediated colour reaction.

Apoptosis and Proliferation assays

Paraffin sections were used for apoptosis and proliferation assays. TUNEL staining for
apoptosis used the In Situ Cell Death Detection Kit (Roche) and was performed following
the manufacturer’s protocol. The phospho-histone H3 antibody (Millipore) was used for the
proliferation assay. The fraction of phospho-histone H3 positive cells over total number of
cells was used for proliferation index.

LacZ staining

RT-PCR and

Urogenital system primordia were dissected out from mouse embryos, fixed with 4%
paraformaldehyde for 1 hour at 4 °C, rinsed three times in 1x PBS, and stained overnight at
room temperature in X-gal reaction solution containing 35mM potassium ferrocyanide,
35mM potassium ferricyanide, 2mM MgCI2, and 1mg/ml X-gal. Stained tissues were
visualized in 80% glycerol or sectioned for microscopic examination.

real-time gRT-PCR

Total RNA was isolated from the efferent ducts of three mice for each genotype with
Purelink RNA mini kit (The life Technologies) according to the manufacturer's instructions.
Reverse transcription was performed using High Capacity RNA-to-DNA kit following the
manufacturer's protocol (A&B Applied Biosystems). Primers for S-catenin were described
elsewhere and confirmed with RT-PCR (Gilbert-Sirieix et al., 2011). The real-time PCR step
was performed in a CFX Touch real-time PCR detecting system (Bio-Rad). Fluorescence
was acquired at each cycle (40 amplification cycles). Ct values were normalized to that of
GAPDH. Product specificity was confirmed by melting curve analysis.
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Western Blot

Results

Frozen tissues of mouse reproductive system were homogenized in RIPA buffer containing
protease inhibitors (50 pl RIPA per 1mg tissue). The homogenates were left on ice for 30
minutes, then heated at 95 °C for 5 minutes, and spun down at 11000g for 5 minutes. The
supernatants were collected for western blot. About 40ug proteins were loaded for each
genotype. Protein transfer was performed using a semi-dry system. HRP-mediated
chemiluminescent signal was detected by a Kodak Digital Image Station 4000R system.

Pkd2 encoded PC-2 expression in the male reproductive system

PC-2 expression was seen in the Wolffian duct and mesonephros in both mesenchyme and
epithelium in human tissues (Chauvet et al., 2002). Here, we examined the spatiotemporal
expression of Pkd2during male reproductive system development by using an antibody for
mouse PC-2. We detected PC-2 in the mesonephric tubules at E12.5 (Fig.1A), consistent
with the stage of expresssion in a human tissue study (Chauvet et al., 2002). One day later,
PC-2 expression was reduced in the epithelium but appeared in mesenchyme associated with
the Wolffian duct and mesonephric tubules (Fig.1B, C). In the epithelial cells, it was seen in
both luminal side and basal side (Fig.1B, C).

PC-2 has been detected in the Sertoli cells and germ cells in the testicular cords during
postnatal development (Markowitz et al., 1999). However, it is unknown if it is required for
embryonic development of the testis. Here, we found that PC-2 was expressed in the PGCs
of the E13.5 testis (Fig.1D). By E15.5, it was also seen in the interstitial cells of the testis
(Fig.1E). Altogether, PC-2 showed dynamic expression in multiple tissues in the male
reproductive system, suggestive of a developmental role.

Male reproductive tract defects in Pkd2™~ mice

Next, we examined the male reproductive system in k227~ mice. Many of the Pkd2”~
mice died beginning at E13.5 to E16.5 with multiple organ system defects. The earliest
defect in Pkd2~ mice was mesonephric tubule/efferent duct dilation, which became evident
at E13.5 to E15.5 (Fig.2A, B). The Wolffian ducts of mutant and control mice, labeled by
pan-cytokeratin staining, were comparable at E15.5 (Fig.2E, F). At E16.5, defects in the
epididymis in Pka2~~ mice became evident (Fig.2C, D). The epididymal duct, derived from
the Wolffian duct, started to coil in the caput segment of the wild-type epididymis at this
time. By contrast, it remained straight in the mutant epididymis, indicating a delay in
development (Fig.2C, D).

We performed apoptosis and proliferation assays in the male reproductive tract. Staining
with an antibody for phospho-histone H3, a mitosis marker, showed that mitosis in E14.5
mesonephros was vigorous in both epithelium and mesenchyme in wild-type embryos but
was reduced in mutant mesonephros, notably in the mesenchyme, suggesting that Pkd2 also
regulates development of mesonephric mesenchyme (Fig.3A, B; C). At E16.5, mitosis in the
efferent ducts was less in control mice compared to the earlier time point, but remained
active in mutants (Fig.3D; E, F). In the epididymis, the mitotic ratio was significantly
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decreased in mutants compared to controls (Fig.3D; G, H). TUNEL staining failed to detect
apoptosis in the efferent ducts and epididymis in both genotypes (data not shown).
Altogether, these data suggest that Pka2 plays an essential role in male reproductive tract
development.

Epithelial-specific disruption of Pkd2 is sufficient to cause efferent duct dilation and
epididymis coiling defect in the male reproductive tract

To dissect roles of Pka2in different cell types, we used Pax2-cre mice to specifically disrupt
Pkad2 from epithelium of the male reproductive tract and examined male reproductive tract
development in Pax2-cre; Pka2 NUIWLoxp conditional knockout mice. As has been shown in
previous studies, Pax2-cre specifically targets epithelia of the reproductive tract, but has no
effect on mesenchyme and the testis (Nie and Arend, 2013). Therefore, using this model, we
could exclude a potential effect from testis defects present in Pkd27~ mice. Pax2-cre;

Pkd2 NUILoxp mutant mice died in the first few days after birth with severe kidney dilation.
In the reproductive tract, efferent duct dilation and lack of epididymal coiling in conditional
knockout mice were similar to that seen in Pka2”~ mice. Efferent duct dilation was first
visible at E15.5 (data not shown), and became very severe at late gestation and postnatal
stages (Fig.4A — F). Epithelial coiling events in the mutant epididymis were very few when
examined at the newborn stage, whereas a highly coiled epithelial tube was seen in the
control epididymis at this time (Fig.4C, D). Testis development in the mutants was
comparable to that of wild-type controls until newborn stage, as indicated by normal
histology and proper descent (Fig.4A, B; E, F).

Phospho-histone H3 staining showed that, in the efferent ducts, the mitotic ratios in mutants
and controls were comparable at the newborn stage (Fig. 4G, H; K). In the epididymis,
however, mitotic activity was very low in mutants but remained abundant in controls (Fig.
41, J; K).

In postnatal stages, we also found a marked delay in seminal vesicle morphogenesis in
mutant mice (Fig.4L. M). Normally, the seminal vesicle bud starts to elongate and branch
during postnatal development. However, seminal vesicle development in mutants was
arrested at the bud stage (Fig.4L, M). Collectively, these results show that epithelial
expression of PkadZplays a pivotal role for male reproductive tract development.

Epithelial deletion of Pkd2 causes changes in cellular phenotype and disrupts epithelial
integrity in the male reproductive tract

The conditional knockout mouse model allows us to analyze reproductive tract development
throughout embryogenesis and also during early postnatal development. We examined
mutant epithelium with a set of molecular markers, including pan-cytokeratin, a-tubulin and
laminin. During postnatal development, epithelial cells in the efferent ducts became flat
rather than cuboidal, as highlighted by pan-cytokeratin staining (Fig.5A, B). Epithelial cells
of cysts were often separated from one another, suggesting loss of cell-cell adhesions (Fig.
5A, B). Cell shape change in Pkd2”/~ epithelia suggests Pkd2 might be involved in
regulating cytoskeleton dynamics. We examined tubulin cytoskeleton in the reproductive
tract of Pax2-cre; Pka2NV!Loxp mutant mice by immunostaining for a-tubulin, a subunit for
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microtubule assembling. We found that a.-tubulin levels were reduced in the mutant efferent
ducts and epididymis during postnatal development (Fig.5C, D; E, F). Changes in the
basement membrane, visualized by laminin staining, were also detected in mutant epithelia
(Fig.5G, H; 1, J). Laminin staining in mutant mice showed thickened, layered and often
discontinuous basement membranes (Fig.5H, J). Altogether, these results suggest that
epithelial PC-2 plays an essential role in maintaining epithelial integrity.

Epithelial-specific deletion of Pkd2 affects Tgf-g/Bmp and canonical Wnt signaling in the
male reproductive tract

To gain a mechanistic understanding of the reproductive tract defects in PC-2 deficiency
mice, we analyzed a set of developmental signaling pathways that are critical for male
reproductive tract development. The 7gf-B/Bmp signaling pathways are critical for ductal
system development in the male reproductive tract, and disrupting 7g7-g signaling abolishes
epithelial coiling in the epididymis (Di Giovanni et al., 2011; Hu et al., 2004; Tomaszewski
et al., 2007). We therefore tested if epithelial disruption of Pkd2 affects Tgf-B/Bmp signaling
in the male reproductive tract by immunostaining for phospho-Smad?2 and phospho-
Smad1/5, which are intracellular mediators of 7g7f-gand Bmp signaling respectively.
Consistent with a previous study (Tomaszewski et al., 2007), the level of phospho-Smad?2
was high in wild-type epididymal epithelium, indicative of high requirements of 7gf-8
signaling by epithelial cells (Fig.6A). However, in mutant epididymal epithelium, the
phospho-Smad2 level was visibly reduced beginning at late gestation, notably in the caput
and corpus segments (Fig.6B and data not shown). Similarly, the level of phospho-Smad2
was reduced in the epithelium of mutant efferent ducts (Fig.6C, D). Staining for phospho-
Smad1/5 was reduced, suggesting that Bmp signaling was also compromised (Fig.6E—

1). These observations were further confirmed with western blot analysis (Fig.6J).

Whtssignaling is critical for development of the Wolffian duct and its derivatives, and
upregulation of canonical Wt signaling was found in polycystic kidney disease (Carroll et
al., 2005; Kim et al., 2009; Lombardi et al., 2013). Here, we performed immunostaining for
B-catenin, an essential intracellular mediator of canonical Wntsignaling, in the reproductive
tract of Pax2-cre; Pka2VULoxp mice. We found that B-catenin levels were dramatically
reduced in the mutant epididymis, but significantly increased in the mutant efferent ducts
(Fig.6K, L; M, N). In cystic ductal epithelial cells, increased p-catenin expression was
consistently detected (Fig.5N). We further confirmed this observation by RT-PCR and real-
time gRT-PCR assays (Fig.60, P). Changes in p-catenin levels suggest Wntsignaling might
be affected in mutant reproductive system. Altogether, these results suggest a link between
PC-2 activity and critical developmental signaling pathways in the male reproductive tract.

Testis defects in Pkd2~~ mice

As PC-2 also showed robust expression during gonadogenesis, we thus examined testis
development in Pkd2~~ mice. Histologic examination at E15.5 revealed atypical testicular
cord morphology in mutant mice (Fig.7A, B). We also detected a significant decrease in
mitosis in the mutant testes at E16.5 with phospho-histone H3 staining (Fig.7C, D; E). In
agreement with decreased cell proliferation, testicular cord growth was retarded in mutants
as indicated by a decrease in the average number of testicular cords per section (Fig.7F).
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However, apoptosis assay by TUNEL staining did not reveal abnormal cell death in mutant
testes at E13.5 and E16.5 (Fig.7G; H, I; and data not shown). We further examined 7gf-beta
signaling by immunostaining for phospho-Smad2, which is critical for testicular cord growth
(Itman et al., 2006; Miles et al., 2013). Phospho-Smad2 was detected at a high level in the
testicular cords of the controls (Fig.7J). By contrast, the level of phospho-Smad2 was
reduced in the mutant testicular cords (Fig.7K). This was confirmed with western blot (Fig.
7L). Altogether, these results show that testicular defects exist in Pkd2~~ mice, and suggest
that PkadZ plays a role in testis development. However, the severity of testis defects varied in
Pkd2™~ mice.

Here, we also describe the testicular phenotype of Pkd ™~ mice, which has not been
previously described. We observed a high level of Pkd expression in the developing testes
of Pkd1L3°Z/* mice at E15.5, as indicated by LacZ staining (Fig.8A). Pkd1 expression was
primarily found in the interstitial cells including the peritubular myoid cells, but was
undetectable or barely detectable within the testicular cords (Fig.8B). Testis morphology in
Pkd1™~ mice was largely similar to that of Pkd27~ mice. At E16.5, we found reduced
interstitial tissue and a decrease in testicular cord growth (Fig.8C, D; E). This is further
supported by decreased mitosis in Pkd1™" testes (Fig.8F; G, H).

Discussion

This work demonstrates for the first time that Pkd2, like PkdI (Nie and Arend, 2013), is
essential for male reproductive system development. Disruption of Pkd2in mice causes
efferent duct dilation, lack of epididymal coiling, and altered testicular development.
Specific deletion of Pka2from the epithelium is sufficient to cause efferent duct and
epididymis defects recapitulating those seen in PkdZ~~ mice, suggesting that epithelial
expression of PkdZ plays a critical role in maintaining epithelial integrity in the male
reproductive tract. Our results also show that Pka2 function is not critical for early
tubulogenesis in the mesonephros but is essential for maintaining tubule integrity. Loss of
PkdZ2induces phenotypic changes in epithelial cells and basement membrane malformation
in the efferent ducts, and altered signaling in epithelial cells. Elevated B-catenin is a key
feature of Pkd2-null epithelial cells of the efferent ducts, which explains increased epithelial
cell proliferation in mutant efferent ducts.

Multiple lines of evidence suggest that ADPKD genes regulate cell proliferation (Aguiari et
al., 2008; Nishio et al., 2005). It has been proposed that increased cell proliferation induced
by ADPKD gene mutations is an important mechanism for cyst formation in the kidney
(Chapin and Caplan, 2010; Hanaoka and Guggino, 2000; Wilson, 2004). In the male
reproductive system, however, we detected contrasting effects of Pkd2 on mitosis in different
tissues. While loss of Pka’2did not limit cell proliferation in the developing efferent ducts, it
slowed proliferation in the epididymis and testis. In the epididymis, epithelial cell
proliferation is controlled by testosterone signaling from the testis, which is further relayed
by local mesenchymal signaling (Cooke et al., 1991; Cornwall, 2009; Tomaszewski et al.,
2007). Our data suggest that PC-2 activity is critical for maintaining the testosterone
signaling cascade by linking to developmental signaling pathways that control epithelial
development. Indeed, deficiency of PC-2 impaired both 7g7-gand Whu/3-Catenin signaling
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pathways in the epididymis, which are essential for epithelial development (Di Giovanni et
al., 2011; Hu et al., 2004; Lombardi et al., 2013; Tomaszewski et al., 2007; Zhao et al.,
2001). Altogether, these data suggest that the functions of PkdZ2 for cell signaling and
proliferation depend on a specific developmental context.

How PC-2 activity regulates these developmental pathways remains to be determined at the
molecular level. Besides an established role in regulating calcium influx, PC-2 also regulates
cytoskeletal dynamics. It has been shown that PC-2 is involved in actin-cytoskeleton
regulation via interaction with Hax-1 (Gallagher et al., 2000). Here, we show PC-2 activity
is also important for maintenance of tubulin, an essential component for microtubule
assembly. One possible mechanism is that PC-2 regulates developmental signaling through
maintaining the microtubules. Indeed, a recent study showed that microtubule function is
critical for 7gf-@signaling in a developmental process (Kitase and Shuler, 2013).
Microtubules are also the cytoskeleton for the cilium, an organelle important for cell
function in a physiological setting. Microtubule reduction also indicates that cilia might
change in Pkd2 mutant epithelia. Overall, the reproductive tract phenotype of PkdZ2~~ mice
is largely similar to that of PkdZ ™~ mice, suggesting that PC-2 and PC-1 may regulate
common cellular activities during ductal system development of the male reproductive
system (Nie and Arend, 2013).

In this work, we also revealed novel roles of Pkad2and Pkd in testicular development. We
found high levels of PkdI and Pkad2 expression in testicular interstitial tissue, and detected
altered testis development in PkdZ and Pkd2 null mice. Besides decreased interstitial cell
numbers, the function of the interstitial cells might also be impaired in mutant mice, given
the altered levels of phospho-Smad2 and phospho-Smad1/5. These changes may explain
delayed development of the testicular cords in the mutant mice. In addition, we also detected
robust expression of PC-2 in PGCs during cord morphogenesis, which is not found for Pkd1/
PC-1. PkdZ2is important for germ cell maturation and motility (Gao et al., 2003). However,
the functional role of Pkd2in early PGC development remains to be elucidated. It is possible
that PC-2 is involved in PGC clustering and proper colonization in the testicular cords, as we
often saw abnormal histology of testicular cords in Pkd2~~ mice.

Finally, we also found that Pkd2is required for normal seminal vesicle development.
Seminal vesicle cysts are the most common finding among the reproductive tract cysts in
ADPKD patients (Belet et al., 2002; Danaci et al., 1998). Therefore, PKD genes are likely
critical for both development and maintenance of the seminal vesicles. The only
reproductive organ that did not show obvious defects in PC-2 deficient mice was the vas
deferens. It also should be noted that the male reproductive system continues to develop and
mature until puberty. Maintenance of reproductive organs may also require PKD genes in
adulthood. An inducible knockout system may prove useful to address complex roles of
PKD genes in maturation and/or maintenance of the adult male reproductive system.
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ADPKD autosomal dominant polycystic kidney disease

HRP horseradish peroxidase
PC-1 polycystin-1

PC-2 polycystin-2

PGC primordial germ cell
PKD polycystic kidney disease

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
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Figure 1. PC-2 staining in developing male reproductive system

(A) PC-2 staining of the mesonephros at E12.5. (B) PC-2 staining of the mesonephros and
the Wolffian duct at E13.5. (C) PC-2 staining of the epididymis. (D) PC-2 staining of E13.5
testis. (E) PC-2 staining of E15.5 testis. epi: epididymis; g: gonad; ki: kidney; mt:
mesonephric tubules; PGC: primordial germ cells; pmc: peritubular myoid cell; tc: testicular
cord; wd: Wolffian duct
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Figure 2. Malereproductivetract defectsin Pkd2™/~ mice
(A, B) The male reproductive system at E14.5, showing efferent duct dilation in the mutant.
(C, D) The male reproductive system at E16.5, showing severe dilation of the efferent ducts
and coiling defect of the epididymal duct in the mutant. (E, F) Pan-cytokeratin staining of
the Wolfian ducts at E15.5. cap: caput epididymis; cau: cauda epididymis; ck: pan-
cytokeratin; cor: corpus epididymis; ed: efferent duct; epi: epididymis; t: testis
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Figure 3. Proliferation analysisin the malereproductive tract
(A, B) Phospho-histone H3 staining of E15.5 mesonephros. (C) Bar graphs represent mitotic
ratios in the mesonephros. (D) Bar graphs represent mitotic ratios in the efferent ducts and
caput epididymis. Data are expressed as mean and SEM. (E, F) Phospho-histone H3 staining
of E16.5 efferent ducts, arrow heads indicate positive cells. (G, H) Phospho-histone H3
staining of the epididymides, arrows indicate positive cells. *non-significant, **P<0.01, ***
P<0.01, ****P<0.01. cap: caput epididymis; ed: efferent duct; ep: epithelium; epi:
epididymis; mc: mesenchyme; ms: mesonephros; p-H3: phospho-histone H3.
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Figure 4. Reproductive tract defectsin Pax2-cre; Pkd2NUI/LOXP mjce
(A, B) The male reproductive system at E17.5, showing efferent duct dilation. (C, D) The

male reproductive system at PO, showing efferent duct dilation and coiling defect in the
mutant. Mutant epididymis was also dilated as indicated by arrow heads. (E, F) Histology of
the testes and efferent ducts at P0. (G, H) Phospho-histone3 staining of the efferent ducts.
Arrow heads indicate mitotic cells. (I, J) Phospho-histone3 staining of the epididymides.
Arrow heads indicate mitotic cells. (K) Bar graphs represent mitotic ratios in the efferent
ducts and epididymides. (L, M) Delayed seminal vesicle development in the mutant mouse
at P1. *: non-significant; **: P<0.01. bl: bladder; ed: efferent duct; epi: epididymis; ko:
knockout mice; p-H3: phospho-histone H3; sv: seminal vesicle; t: testis; wt: wild type
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Figure 5. Pan-cytokeratin, laminin and a-tubulin staining in the male reproductive tract of Pax2-
cre; Pkd2 NUll/LOXp mjce

(A, B) Pan-cytokeratin staining of the efferent ducts at P1. Cystic epithelium exhibits a
flattened appearance rather than cuboidal in the mutant as indicated by arrow heads. (C, D)
a- tubulin staining of the efferent ducts at P1. (E, F) a- tubulin staining of the epididymides
at P1. (G, H) Laminin staining of the efferent ducts at P1. Arrow heads indicate areas
lacking laminin staining. (I, J) Laminin staining of the epididymides at P1. CK: pan-
cytokeratin; cor: corpus epididymis; ed: efferent duct; epi: epididymal epithelium; LN:
laminin; TB: tubulin
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Figure 6. Altered intracellular signal transductlon of Tgf-B/Bmp and canonical Wnt signaling in
the male reproductive tract of Pax2-cre; Pkd2NUI/LOXP mjce

(A, B) Immunofluorescence for phospho-Smad2 in the epididymides at PO. (C, D)
Immunofluorescence for phospho-Smad2 in the efferent ducts at PO. (E, F)
Immunohistochemistry for phospho-Smad1/5 in the epididymides at PO. (G, H)
Immunohistochemistry for phospho-Smad1/5 in the efferent ducts at PO. (I) Bar graphs
represents percentages of phospho-Smad1/5 positive cells in the epithelia. (J) Western Blot
for phospho-Smad2 and phospho-Smad1/5 of the epididymides and efferent ducts at PO. (K,
L) B-Catenin staining of the epididymides at E18.5. (M, N) p-Catenin staining of the
efferent ducts at E18.5. Note, significant upregulation of p-Catenin in the flat cells, as
indicated by arrow heads. (O) RT-PCR for p-Catenin in E18.5 efferent ducts. (P) Relative
fold expression of B-Catenin in E18.5 efferent ducts by real-time gRT-PCR. * P<0.05, **
P<0.05. cor: corpus epididymis; ed: efferent duct; ko: knockout mice; epi: epididymis; wt:
wild type
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Figure 7. Testis development in Pkd2™~ mice
(A, B) Histology of E15.5 testes. (C, D) Phospho-histone H3 staining of E16.5 testes. (E)

Bar graphs represent mitotic ratios of the control and mutant testes (Mean + SEM), P<0.05.
(F) Bar graphs represent average numbers of testicular cords per section (Mean = SEM),
P<0.05. (G) Bar graphs represent ratios of apoptotic cells in the testes (Mean + SEM). (H, I)
TUNEL staining of E13.5 testes. (J, K) Phospho-Smad? staining of the testes. (L) Western
Blot for phospho-Smad?2 of the testes. p-H3: phospho-histone H3; tc: testicular cord
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Figure 8. Pkdl expression and testis development in Pkd1™~ mice

(A) LacZ staining of Pkd1L4¢Z* testis at E16.5. (B) Section of LacZ-stained testis, showing
widespread PkdI expression in the interstitium. (C, D) Histology of E16.5 testes. (E) Bar
graphs represent average testicular cord numbers per section of each genotype (Mean +
SEM), P<0.05. (F) Bar graphs represent proliferation ratios (mean + SEM), P<0.05. (G, H)

Phospho-histone H3 staining of the testes. bl: bladder; ed: efferent duct; p-H3: phospho-
histone H3; t: testis; tc: testicular cord
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