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Abstract
Autosomal dominant polycystic kidney disease (ADPKD), the most common hereditary disease
affecting the kidneys, is caused in 85% of cases by mutations in the PKD1 gene. The protein
encoded by this gene, polycystin-1, is a renal epithelial cell membrane mechanoreceptor, sensing
morphogenetic cues in the extracellular environment, which regulate the tissue architecture and
differentiation. However, how such mutations result in the formation of cyst is still unclear. We
performed a precise characterization of mesenchymal differentiation using PAX2, WNT4 and
WT1 as a marker, which revealed that impairment of the differentiation process preceded the
development of cysts in Pkd1−/− mice. We performed an in vitro organ culture and found that
progesterone and a derivative thereof facilitated mesenchymal differentiation, and partially
prevented the formation of cysts in Pkd1−/− kidneys. An injection of progesterone or this
derivative into the intraperitoneal space of pregnant females also improved the survival of
Pkd1−/−embryos. Our findings suggest that compounds which enhance mesenchymal
differentiation in the nephrogenesis might be useful for the therapeutic approach to prevent the
formation of cysts in ADPKD patients.

Introduction
Polycystic kidney diseases are a leading cause of end-stage renal failure and a common
indication for dialysis or renal transplantation. They may arise sporadically as a
developmental abnormality or be acquired in adult life, but most forms are hereditary.
Autosomal dominant polycystic kidney disease (ADPKD), the most common form of
polycystic kidney disease, occurs in 1 in 800 live births[1]. There are two types: type I is
caused by mutations in the PKD1 gene and accounts for 85 to 90 percent of cases, and type
II is caused by mutations in the PKD2 gene and accounts for 10 to 15 percent of cases[1–2].
PKD1 is transcribed into a 14 kb mRNA and thence translated to a protein, polycystin-1, of
4302 amino acids (aa) with an expected molecular mass of 462 kDa[3], whereas the PKD2
transcript is 5.4 kb and polycystin-2 is a 110 kDa protein of 968 aa[4]. The C-terminus of
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polycystin-1 interacts, via an α-helical coiled-coil domain, with a region in the C-terminus
of polycystin-2[5]. The co-assembled polycystin-1 and polycystin-2 seem to function as a
non-selective cation channel[6–7], and to transduce signals to maintain the epithelial
architecture of the kidney[8–9]. Recent progress in the understanding of polycystin-1 and
polycystin-2 has focused on primary cilia, which act as sensory transducers in renal
epithelial cells. New evidence shows that a mechanosensitive signal, cilia bending, activates
the polycystin-1- polycystin-2 channel complex. When working properly, this functional
complex elicits a transient Ca2+ influx, which is coupled to the release of Ca2+ from
intracellular stores[10–12]. Interplay between polycystin-dependent Ca2+ influx and other
interacting proteins including E-cadherin/β-catenin[9] and G-proteins may regulate
adhesion, differentiation[13–14], and maturation, which are all essential steps of kidney
morphogenesis.

To address the molecular mechanism of disease in ADPKD, several groups reported the
generation of mouse models by targeted gene disruption of polycystins. Mice heterozygous
for inactivating mutations of either locus acquire few cysts during their lifetime, whereas
homozygous mutants develop severe cystic disease in utero[15–16]. Genetic analyses
revealed that most cysts develop from the clonal expansion of single cells, suggesting that
acquired ‘second hits’ give rise to the homozygous inactivation of Pkd1 or Pkd2. Gene
disrupted mice carrying an unstable Pkd2 allele prone to inactivation (Pkd2WS25) in
combination with a complete null allele (Pkd2−/−) had disease of variable severity that
correlated with the degree of somatic inactivation of the unstable allele, which supports
these interpretation[15]. Furthermore, Pkd1+/− and Pkd2+/− trans-heterozygous mice had
cystic disease that was more severe than that predicted by a simple additive effect in singly
heterozygous mice, suggesting that polycystin-1 and polycystin-2 act non-redundantly[17–
19]. Polycystin disrupted mice also revealed systemic developmental defects. Pkd1−/−

embryos die at later embryonic days from primary cardiovascular defects that include
double outflow right ventricle, disorganized myocardium, and abnormal atrio-ventricular
septation. Skeletal development is also severely compromised. These abnormalities correlate
with the major sites of Pkd1 expression[16, 19–20]. Systemic effects of polycystins on the
development suggest that polycystins have an important role in tissue differentiation and
organogenesis.

Although the PKD genes have been unequivocally shown to be essential for establishing
normal tubules, their role in the tissue differentiation and the maintenance of the highly
differentiated phenotype is less well established. For example, the earliest stages of ureteric
bud branching and induction of mesenchyme appeared to be normal in the Pkd1 and Pkd2
knockout mice. Given that a detailed analysis of the earliest stages of renal development has
not been reported, it is possible that subtle changes that are difficult to detect at the gross
level have been overlooked. To address this issue, we analyzed the early stages of
nephrogenesis using several mesenchymal markers, including PAX2, WNT4, and WT1.
Precise characterization revealed subtle, but significant reductions in the expression of
PAX2, WNT4, and WT1 in Pkd1−/− mice, which preceded morphological aberrations of the
kidney. We further performed an in vitro organ culture to trace the formation of cysts, since
Pkd1−/− is embryonic lethal[16, 20]. Interestingly, metanephroi were successfully grown for
4–5 days without cysts developing, suggesting that the culture conditions suppressed the
cyst-forming process. We examined each of components used for the organ culture, and
found that progesterone effectively prevented cysts from developing and facilitated
mesenchymal differentiation. Furthermore, an intraperitoneal injection of progesterone or its
derivative prevented cysts from forming and enhanced the survival of the Pkd1−/− fetus. Our
observations suggest that progesterone and its derivatives might be applicable for
therapeutic approach by influencing the competence of mesodermal induction.
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Materials and Methods
Histology and immunohistochemistry

Tissues and embryos for histological analysis were fixed overnight in 4% paraformaldehyde
in PBS and stored in 70% ethanol before being embedded in paraffin. Sections of 5 μm
thick were cut and stained with hematoxylin and eosin. For immunocytochemistry, the
sections were preincubated for 15 minutes in PBS containing 0.1% bovine serum albumin
and 10% goat serum, then incubated for 1 hour with either PAX2 (Ztmed), WNT4 (R & D
systems), WT1 (Santa cruz) or preimmune serum. Goat anti-rabbit IgG conjugated with Cy5
(Jackson immunoResearch) was used as a secondary antibody. For nuclear counterstaining,
slides were also incubated with propidium iodide (0.5 μg/ml; P-4170, Sigma) for 5 minutes.
Sections were examined and images were acquired by confocal laser scanning microscopy
(Zeiss, LSM510). Examinations were performed using serial sections for precise
quantitation (Supplemental table 1). Quantitation was performed by measuring the
fluorescence intensity of each 100μm square and summing the values. Skeletal preparations
and cartilage staining were carried out as described[21]. Western bloting was performed
with the same antibody used for immunohistochemistry.

Metanephric organ culture
Kidney rudiments were dissected from E13.5 wild-type embryos in PBS and placed in 15-ml
culture bottles containing 7 ml glucose (10 mg/ml), penicillin G (100 units/ml),
streptomycin (100 μg/ml)[22], and given supplements including of culture medum
consisting of 10% FCS and 20% centrifuged mouse serum supplemented with 7 X MITO
(Becton–Dickinson), 1 μM of progesterone (Sigma) or 3 μM of RU486 (Sigma). The
culture bottles were allowed to rotate in an incubator (model no. RKI10–0310, Ikemoto,
Tokyo).

Intraperitoneal injection
A solution of 100 μM of progesterone or 33 μM of medroxyprogesterone acetate (Kyowa
Hakko) in saline was prepared. Each solution of 300 μl was then injected into the
intraperitoneal space of pregnant females of Pkd1−/+ mated with Pkd1−/+ males, followed by
sacrifice at a given time. We optimized the injection time and found that an injection at
E11.5 was most effective, compared to other points.

Results
Impairment of mesenchymal differentiation precedes the formation of cysts in Pkd−/− mice

The identification of the human ADPKD genes, PKD1 and PKD2, prompted the
characterization and targeted mutagenesis of their mouse orthologs. Although a many of
groups have generated mutants of Pkd1 by targeted gene disruption[16, 19–20], the
impairment of mesenchymal differentiation has not been precisely characterized. To address
this issue, we performed immunohistochemistry with serial sections of the kidneys at several
developmental points using three mesenchymal makers, PAX2, WNT4, and WT1
(Supplemental Table 1 and Supplemental Figure 1). This comprehensive analysis allowed us
to uncover a subtle but an important developmental defect, which is associated with the
disruption of Pkd1. The homozygous mutant was found to develop cysts from embryonic
day 15.5 (E15.5) as previously reported (Figure 1A) [16, 19–20]. PAX2 is expressed in the
mesonephric duct and its branch, the ureteric bud, which gives rise to the ureteric, renal
pelvic, and collecting duct epithelia[23]. The expression of PAX2 in Pkd1−/− mice was
normal at E12.5, but gradually decreased from E13.5, which precedes the formation of cysts
in the kidney, compared to wild the type controls (Figure 1b). In particular, the reduction
was more remarkable in the medulary region, which was also confirmed by Western bloting
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(Figure 1B). WNT4 is a member of the Wnt family that plays a critical role in genitourinary
development.[24] WNT4 is activated in induced metanephric mesenchyme and required for
metanephric mesenchymal condensation. It is highly expressed at E13.5, but its expression
is rapidly downregulated thereafter, being undetectable at E14.5. In Pkd1−/− mice, the
expression of WNT4 is also reduced at E13.5 (Figure 1C). Western bloting supported our
observations. Finally, we examined the expression of WT1. WT1 is a recessive oncogene
that encodes a putative transcription factor implicated in nephrogenesis[25]. The expression
of WT was initially normal in Pkd1−/− mice. In wild type mice, WT1 displayed a peak in
expression at E13.5, followed by a gradual decline with the further progression of the
nephrogenesis. Although initial upregulation was normal in Pkd1−/− mice, the subsequent
down regulation was faster as also confirmed by Western bloting(Figure 1D). These
observations suggest that the initial expression of mesenchymal markers is indistinguishable
in Pkd1−/− mice compared to wild type mice, however the levels clearly became reduced
with the progression of nephrogenesis. In addition, this reduction precedes the cystic
dilatation of renal tubes, suggesting that polycystin-1 is essential for the maintenance of
mesenchymal differentiation.

Progesterone and its derivative rescued cyst-formation in Pkd−/− mice
Homozygous mutants develop renal and pancreatic cysts at E15.5, coinciding with the
induction of PKD1 expression in normal maturing tubular epithelia. The disease progresses
rapidly, with embryonic lethality occurring among most homozygous mutants, making it
difficult to trace the process of cyst-formation. To overcome this limitation of murine
models of Pkd1 mutants, we employed an in vitro organ culture of the kidney[26]. At E13.5
days, metanephroi were dissected from embryos (Figure 2A) and subjected to organ culture
for 4 days, which allowed kidney rudiments to continue to grow in vitro, as assessed by the
observation of tubulogenesis and ureteric bud branching (Figure 2B). We also achieved
several modifications to recapitulate the cyst forming process in Pkd1−/− mice (Figure 2B).
We also examined the differentiation of mesenchyme using PAX2 as a marker. The
conditions used for the in vitro organ culture allowed kidney rudiments to continue to grow,
as assessed by PAX2 expression. Interestingly, no cysts formed in the presence of a MITO+
serum extender, suggesting that the MITO might suppress the cyst forming process (Figure
2C). To address this issue, we examined the effect of each component of MITO on growth
and cystic development, and found that progesterone effectively prevents cysts from
forming (Figure 2D). In contrast, RU 486, a synthetic steroid with anti-progesterone and
anti-glucocorticoid inhibited the effect of progesterone had on the development of cysts
(Figure 2E). The expression of PAX2 was quantified, and correlated with the formation of
cysts (Figure 2F). Interestingly, administration of progesterone significantly augmented the
expression of PAX2, suggesting that progesterone might enhance mesenchymal
differentiation by regulating gene expression. Several lines of evidence indicate that steroids
and analogues alter the total number of nephrons formed during nephrogenesis by regulation
of gene expression[27–29]. Our observations suggest that progesterone might stimulate the
expression of genes located downstream of polycystin-1.

Intraperitoneal injections of progesterone and its derivative improve survival and
organogenesis in Pkd1−/− mice

In vitro organ culture experiment suggests that progesterone might improve the phenotypes
of Pkd1−/−. We injected progesterone and its derivatives into the intraperitoneal space of
pregnant female of Pkd1−/+to examine whether the injection improves the systemic
phenotypes of Pkd1−/−. We optimized the time and the dosage of injection as described in
the methods. Initially, we traced the survival rate of Pkd1−/−mice (Figure 3A). The majority
of Pkd1−/− mice died in the late gestational period, and Pkd1−/− mice were rarely observed at
E18.5 in the control, in which saline was injected. In contrast, the injection of progesterone
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resulted in mild improvement in the rate of survival. Interestingly, medroxyprogesterone
acetate[30], a potent derivative of progesterone, achieved an ever more significant
improvement of survival. The use of another potent derivative of progesterone,
chlormadinone acetate[30], did not result in any improvement, suggesting that the potency
of progesterone activity is not correlated with survival (data not shown). Pkd1−/− embryos
die from a primary cardiovascular defect, and show the severely compromised skeletal
development. We examined these phenotypes at E18.5 (Figure 3B). Pkd1−/− embryos
exhibited an edematous appearance compared to the wild type, whereas in the injected
groups, this feature was improved. The improvement of edema was also supported by
quantitation of fluid volume. We also examined skeletal abnormalities in Pkd1−/− embryos.
We found that both the axial skeleton and long bones were abnormal as previously
reports[20]. Notably, the long bones were shorter and smaller in diameter, with splaying of
the radius and ulna, and histological sectioning revealed the differentiation of cartilage to be
delayed (data not shown). These impairments of osteogenesis were ameliorated in the
injected groups (Figure 3B). Finally, we examined the development of cysts and
mesenchymal differentiation using PAX2 as a marker (Figure 3C). The formation of cysts
and expression of PAX2 were partially normalized in the injected group. These observations
suggest that progesterone and its derivatives might facilitate the expression of genes
downstream of polycystin-1.

Discussion
ADPKD is a heterogeneous human disease resulting from mutations in either of two genes,
PKD1 and PKD2[3–4]. However, PKD1 expression during early nephrogenesis is limited,
with weak expression in uninduced and induced mesenchyme and no expression in the
ureteric bud and comma and S-shaped bodies[31]. The developmental role of polycystin-1 in
ureteric bud growth and branching during kidney development has not been clear, since a
precise characterization of nephrogenesis in Pkd1−/− mice at an early stage was not carried
out. We performed precise characterization of mesenchymal differentiation using several
mesodermal markers. Our observations suggest that an impairment of mesenchymal
differentiation precedes cystic dilation. We also performed an in vitro organ culture, and
found that progesterone and its derivative prevent cysts from forming. The intraperitoneal
injection of a progesterone derivative also improved phenotypes of Pkd−/− mice.
Polycystin-1 is a renal epithelial cell membrane mechanoreceptor, sensing morphogenetic
cues in the extracellular environment at the basal surface in focal adhesion complexes; at the
lateral surface in cell adherens junctions; and in the lumen at the apical primary cilium[10].
Activation via the formation of a multiprotein complex, intracellular signal transduction
cascades and the regulation of fetal gene transcription leads to appropriate renal tubule
epithelial cell division and differentiation in normal kidneys. Although the molecular
mechanism by which cysts form is not clearly understood, trans-differentiation caused by a
lack of appropriate maintenance of differentiation is plausible[32]. For example, in the orpk
pancreas, cilia numbers are reduced and cilia length is decreased[33]. The expression of
polycystin-2, a protein involved in PKD, is mislocalized in orpk mice. Furthermore, the
cellular localization of beta-catenin, a protein involved in cell adhesion and Wnt signaling, is
altered. Progesterone is a potent regulator of gene expression by binding with intranuclear
receptors. The target genes of progesterone might partially overlap with the downstream
genes of polycystin-1. The augmentation of PAX2 expression by progesterone supports this
possibility. Further characterization of the target genes of polycystin-1 may lead to a
therapeutic approach to the prevention of cyst development through the induction of
differentiation by steroids and their derivatives.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Precise characterization of nephrogenesis in Pkd−/− mice
To examine whether Pkd1−/− mice display an impairment of mesenchymal differentiation,
we performed immunohistochemistry using PAX2, WNT4 and WT1 as markers. (A) H-E
stain revealed the formation of cysts to be remarkable at E15.5 as previous reports
(arrowhead)[16, 20]. A small number of cysts were was detectable from E14.5 (arrowhead).
There were no obvious cyst before E13.5. (B) We first analyzed PAX2 expression. At
E12.5, the expression was completely normal, but after E13.5 it was significantly reduced
compared that in wild type littermates. To quantitate the level precisely, we measured PAX2
expression in serial sections as shown in Supplemental Figure1 and Supplemental Table 1.
A Western bloting is shown on the right side. (C) We also examined WNT4 expression.
Similarly, the expression was reduced from E13.5. The expression of WNT4 was markedly
downregulated thereafter, and was not detectable after E14.5. A Western bloting is shown
on the right side. (D) Finally, we examined the expression of WT1. The expression was
relatively normal by E13.5, but was more rapidly downregulated in Pkd1−/− mice at E14.5.
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Figure 2. Examination of the influence of progesterone on nephrogenesis in Pkd−/− mice
To examine the mechanism by which cysts form in Pkd1−/− mice, metanephroi from E13.5
embryos of wild type or Pkd1−/− mice were cultured in bottles (see methods). (A) Starting
materials are shown. (B) Metanephroi from wild type mice developed relatively normally
with slower growth speed. Metanephroi from Pkd1−/− mice developed cysts without
supplements. Arrowheads indicate cystic dilatation of the duct. (C) Interestingly, 7 X MITO
+ serum extender suppressed the formation of cysts and enhanced PAX2 expression. (D) We
examined each component of MITO+ serum extender to find which is effective in
preventing cysts. We found that progesterone had a rescuing effect in an organ culture. (E)
We confirmed the effect of progesterone using RU486, an anti-progesterone reagent. The
presence of RU486 inhibited the suppression of cyst-formation by MITO+ serum extender.
Arrowheads indicate cystic dilatation of the duct. (F) Quantitation of the amount of PAX2
after 4 days in vitro organ culture. Note the significant augmentation of PAX2 expression in
the presence of progesterone.

Wachi et al. Page 9

Biochem Biophys Res Commun. Author manuscript; available in PMC 2013 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Improvement of phenotype in Pkd−/− mice on the intraperitonial injection of
progesterone and a derivative
To examine whether progesterone and its derivatives are effective against the phenotype of
Pkd1−/− embryos, we injected them into the intraperitoneal space of pregnant females of
Pkd1+/− mice. (A) The rate of survival was examined at a given point in gestation. Most of
the Pkd1−/− embryos died before E18.5, whereas in the injected group, over 35% of Pkd1−/−

embryos survived. The effect on the rate of survival rate was significant in
medroxyprogesterone acetate, but less significant in progesterone. The total number of
embryos examined is summarized at the bottom. (B) Surface examination revealed that
Pkd1−/− embryos at E17.5 are edematous and pale compared to wild type controls (+/+),
whereas Pkd1−/− embryos from injected groups (IP−/−) are improved compared to the
uninjected group (−/−) (left panel). Quantitation of fluid volume is summarized at the
bottom. Skeletal bone stain revealed an impairment of osteogenesis in Pkd1−/− embryos,
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whereas Pkd1−/− embryos from injected groups (IP−/−) are partially restored compared to
the uninjected group (−/−) (right panel). Wild type (+/+) is shown at the left. (C) We
examined H-E staining of Pkd1−/− embryos from injected groups (IP−/−) compared to the
uninjected group (−/−), and found a partial effect on the formation of cysts. In these cases,
expression of PAX2 was also improved. Wild type (+/+) is shown at the left.
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