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Defects of renal tubular homeostasis
and cystogenesis in the Pkhd1 knockout

Julia C. Fox,1 Susanne T. Hahnenstein,1 Fatima Hassan,1 Andrea Grund,1 Dieter Haffner,1

and Wolfgang H. Ziegler1,2,*
SUMMARY

Loss of PKHD1-gene function causes autosomal recessive polycystic kidney disease (ARPKD) character-
ized by bilateral severely enlarged kidneys and congenital liver fibrosis requiring kidney replacement ther-
apy most frequently during childhood. Studies using renal tissue from ARPKD patients suggest cyst pro-
motion by suppressed hippo activity and enhanced Src/STAT3-signaling. We address renal homeostasis in
female Pkhd1-knockout mice, aged 3 to 9 months, and observe features in common with late-onset
ARPKD. Pkhd1-knockout animals show significant increase in kidney and liver weight with preserved or-
gan function. Kidney cyst formation of the S3 segment is accompanied by macrophage recruitment and
fibrotic remodeling. Cystic epithelia display increased proliferation, high levels of nuclear YAP/TAZ,
and enhanced apoptosis. Y705-phosphorylated STAT3 is strongly enhanced in nuclei of cyst-lining
epithelia. In this Pkhd1-deficiency model, stressed cystic epithelia expose the altered signaling pattern
and disease-related mechanisms deemed relevant to human ARPKD, and thus may allow identification
of therapeutic targets of this disease.

INTRODUCTION

Autosomal recessive polycystic kidney disease (ARPKD) is a rare hereditary disease andbelongs to the group of ciliopathies.1 It affects 1 in 20,000

live births and is one of the most frequent causes for end-stage kidney disease in children and young adults. Children are usually diagnosed in

utero or at birth. ARPKD is characterizedby bilateral polycystic kidneys, congenital liver fibrosis due to ductal platemalformation, and hypoplasia

of the lungs.2–4 Progressive liver fibrosis may result in portal hypertension while liver function is largely preserved in ARPKD patients. The disease

is caused by pathogenic variants in the polycystic kidney and hepatic disease gene 1 (PKHD1) which encodes the protein fibrocystin/polyductin

(FPC). Biallelic PKHD1mutation leads to a loss of FPC function and, dependent on severity, affects embryonal development and/or homeostasis

of epithelial tissue. The variable phenotype of affected patients depends on the type of mutation of both alleles, on the age of disease mani-

festation, and genetic background. Two truncating PKHD1mutations are associated with a more severe phenotype. Due to the broad distribu-

tion and low frequency of private pathogenic variants, further phenotype-to-genotype relations are difficult to establish.5–7

Apart from kidney replacement therapies, dialysis and transplantation, and liver transplantation, there is no curative treatment strategy

available, and patients are treated only symptomatically. To date, development of new pharmacological interventions is mostly restricted

to advances in treatment of the more frequent autosomal dominant polycystic kidney disease (ADPKD).3,8–10 This can be rationalized based

on a considerable overlap in molecular aspects of known disease mechanisms and is also supported by the phenotypic outcome of mouse

models combining both PKD genetics.11

The protein FPC is a type 1 transmembrane protein of 4,074 amino acids, which localizes to the primary cilia, and furthermore, to the basal

body and other cellular compartments in kidney epithelium, bile ducts, and epithelia of lung and pancreas.12–15 The short cytoplasmatic pro-

tein domain of FPC is a target of Notch-like processing and can translocate to the nucleus.16 Further (or alternative) processing can lead to

targeting of cytoplasmic FPC domain protein to mitochondria and affect their function.17 Besides a proposed involvement of FPC in signal

transduction of cilia, due to its ciliary targeting sequence,18 the protein was also associated with the control of epithelial morphogenesis,

affecting mechanics of cell-cell and cell-extracellular matrix adhesion of epithelial cells19,20 and regulation of RhoA activity via the E3 family

of ligases.21

While the function of FPC protein, based on molecular interactions, remains insufficiently understood, different signaling pathways,

including cAMP and mammalian target of rapamycin (mTOR), have been linked to the development and progression of ARPKD.22–24 In addi-

tion, altered hippo signaling is expected to play a central role in PKD. This pathway regulates organ size and proliferation by restricting activity

of two transcriptional co-regulators, Yes-associated protein 1 (YAP) andWWdomain-containing transcription regulator 1 (TAZ). Nuclear local-

ization of YAP/TAZ is frequently detected in cystic renal tissue,25–27 and epithelial YAP activation was shown in ARPKD patients.28,29 More
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Figure 1. Control of organ size in Pkhd1 knockout

Large organ size of the kidneys (A) and the liver (B) is displayed by representative organs of knockout (ho) and control (ht) animals aged 9 months (mo). Profiles of

the relative organ weight, as compared to the total body weight (BW), indicate enhanced 2-kidney weight (C), peaking at 6months of age, and continuous growth

of massively enlarged liver weight (D) of Pkhd1-knockout animals, as compared to both control groups. In old knockout animals, hearts (E) appear to become

bigger by trend and lungs (F) smaller. (n = 8–9 animals, and means/group, time point). Statistics: two-way ANOVA, Tukey’s; comparisons marked by (*) relate

to the same genetic group at different age and by (#) to age-matched groups, indicating p % 0.05 and p % 0.001 by */# and **/##. Ruler (cm).
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recently, the cytoplasmic protein domain of FPC was proposed to modulate phosphorylation and activity of the signal transducer and acti-

vator of transcription 3 (STAT3) via inhibition of the non-receptor tyrosine kinase Src; activation of both was observed in cystic renal epithelia of

ARPKD patients30

Here, consequences of the Pkhd1 knockout were studied in BALB/cJ mice carrying a targeted mutation of the Pkhd1 gene.31 Previous

analyses of this model in a mixed-strain background had established cystic liver disease observed in all animals of both sexes and a mild,

inconsistent cyst development observed in kidneys of females only.31 Despitemultiple approaches and reports of different genetic models,32

to date, there is no suitable genetic mouse model of ARPKD available that can be employed to analyze the tissue defects and the progress of

cystic kidney disease in absence of FPC protein expression. Thus, we re-evaluated the mouse model introduced by the Christopher Ward

laboratory31 with the aim to establish a model for late-onset cystic kidney disease originating from ARPKD genetics. This Pkhd1-deficiency

model of PKD highlights the functional involvement of FPC protein in preserving tissue homeostasis.

RESULTS

Our analysis of the Pkhd1 knockout31 was based on female BALB/cJ animals, at the age of 3, 6, and 9 months, comparing the group of ho-

mozygous (ho), Pkhd1 (tm/tm)mice lacking FPC expression, to the control groups of heterozygous (ht) Pkhd1 (wt/tm) andwild-type (wt) Pkhd1

(wt/wt) animals. Both control groups behaved identical throughout the entire study and did not develop any sign of cystic disease.

Pkhd1-knockout mice develop large kidneys and massively increased livers

Figure 1 shows the trends of relative organ weight for kidneys, liver, heart, and lung, at the indicated animal age. In the Pkhd1 knockout, the

kidney weight (Figure 1C) was consistently enhanced in all animals and significantly larger at all time points. Starting with about one-third

(27%) at the age of 3months, the gain of relative weight peaked at 6months (60%) andwas somewhat reduced at 9months (42%) as compared

to controls. The observed,massive and continuous growth of the liver in knockout animals (Figure 1D) is consistent with regeneration of tissue

to replace highly cystic liver lobes; incidence of the latter was readily detected during dissection. At the age of 9 months, the relative liver

weight was increased by 2.5-fold with absolute values of up to 4 g of liver observed in Pkhd1-knockout animals. The two control groups of

heterozygous and wild-type mice revealed no differences in their absolute and relative kidney and liver weights throughout all time points

(Figures 1C and 1D). Furthermore, heart, lung and pancreas (not shown) were weighted. Both the absolute and relative organ weights showed

some trends but no consistent differences of the Pkhd1 knockout to both control genotypes, for any of the organs listed (Figures 1E and 1F).

Kidney and liver function are preserved in the Pkhd1 knockout

Next, blood and urine samples of the Pkhd1knockout, heterozygous and wild-type animals were analyzed (Table 1; wild-type indistinguish-

able from heterozygous animals, not shown). Although both kidney and liver were significantly enlarged in the knockout, kidney parameters in
2 iScience 27, 109487, April 19, 2024



Table 1. Weight distributions, and parameters of kidney and liver function in animal cohorts

Parameter Unit

Ctrl (ht) KO (ho)

3 months 6 months 9 months 3 months 6 months 9 months

Body weight g 22.6 G 1.6 23.5 G 1.5 28.0 G 4.4 21.3 G 1.9 # 25.1 G 2.0 29.5 G 2.9

2-Kidney weight g 0.31 G 0.02 0.32 G 0.04 0.34 G 0.03 # 0.35 G 0.04 ## 0.53 G 0.06 ## 0.53 G 0.05

Liver weight g 1.14 G 0.12 1.13 G 0.14 1.13 G 0.12 1.54 G 0.16 ## 2.65 G 0.78 ## 3.62 G 0.77

BUNa mg/dL 42.2 G 5.1 40.2 G 10.1 42.8 G 7.3 46.0 G 11.2 46.0 G 4.4 45.2 G 5.4

Serum creatinine mg/dL 0.1 G 0.6 0.4 G 0.6 0.4 G 0.7 0.3 G 0.5 0.1 G 0.3 0.7 G 0.8

Serum albumin mg/dL 34.4 G 1.4 33.8 G 2.2 35.5 G 2.4 33.4 G 2.4 31.6 G 2.7 # 30.1 G 4.2

Urine albumin mg/dL 4.6 G 9.6 10.4 G 8.4 13.2 G 8.3 9.6 G 6.4 8.1 G 5.0 17.1 G 18.2

ASTb UI/L 95.7 G 35.7 96.6 G 32.7 112.2 G 38.1 105.7 G 40.0 125.3 G 48.9 142.6 G 95.6

ALTc UI/L 46.2 G 12.8 52.8 G 10.2 60.6 G 17.3 62.3 G 27.5 73.9 G 32.9 89.4 G 82.8

Uric acid mg/dL 1.64 G 0.44 1.59 G 0.69 1.28 G 0.37 1.49 G 0.26 1,35 G 0.52 1.97 G 0.85

Total bilirubin mg/dL 0.55 G 0.10 0.07 G 0.05 0.11 G 0.03 0.05 G 0.05 0.11 G 0.07 0.12 G 0.09

Parameters were determined in control (Ctrl), Pkhd1 (wt/tm), and knockout (KO), Pkhd1 (tm/tm), mice at 3 to 9 months of age (n = 6–9). Values are given as

mean G SD. Statistics: Two-way ANOVA, Tukey’s; Comparisons marked by (#) relate to age-matched groups, indicating p % 0.05/0.001 by #/##.
ablood urea nitrogen (BUN).
baspartate transaminase (AST).
calanine transaminase (ALT).
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urine and blood samples indicated no significant change of kidney function. Blood urea nitrogen, serum creatinine, or uric acid were not

elevated at any time point in the samples of Pkhd1-knockout animals, nor in animals of the control groups. Preserved kidney function of

knockout animals reflects a slowly progressive disease development. Furthermore, analysis of liver parameters revealed the trend toward

reduced synthesis capacity, as indicated by lower levels of the serum albumin in knockout animals aged 9 months, compared to controls.

Other parameters such as transaminases and bilirubin provided no further indication of restricted liver function (Table 1).

Kidney cysts originate from proximal tubule

In ARPKD patients, cystic dilations in the kidney mainly originate from distal tubules and collecting ducts. In this Pkhd1-knockout mouse model,

cysts emerge from the S3 segment of proximal tubules (Figures 2A and2B).Origin of cysts is first indicatedby apositive stain of cystic epithelia for

aquaporin-1, amarker of the proximal tubule. Second, cysts are located at the corticomedullary border and coincide with a pronounced periodic

acid-Schiff (PAS) stain of the glycocalyx, characteristic for brush border membranes of the proximal tubules. Third, cyst-lining epithelial cells

exhibit no positive staining for other epithelial markers, the collecting duct marker aquaporin-2 and the distal tubulemarker uromodulin, respec-

tively.Occasional staining of individual cyst-lining cells by the collecting ductmarkerDolichos biflorus agglutinin (Figure S1A)may be related to a

loss of epithelial cell differentiation in cystic epithelia. A previous study in PCK rats, an orthologous rat model of ARPKD, showed increased renal

expression of the amiloride-sensitive sodium channel ENaC in cysts of the collecting duct.21 In Pkhd1-knockoutmice, ENaCwas detected in cyst-

lining epithelia at all time points, indicating atypical expression of the channel in dilated S3 segments (Figure S1B).

Growth of kidney cysts is limited by the accompanying progressive fibrosis

To follow the time course of cyst formation in Pkhd1 knockout, the cystic index (Figure 2C) was determined as ratio of cumulative cyst area to

whole cortex area (Figure S1C). Further parameters extracted from entire cross sections, stained by hematoxylin PAS, were the number of cysts

(Figure 2D) and the average size of cysts (not shown). All quantitative cyst parameters report an initial cyst growth in the Pkhd1-knockoutmice, up

to 6 months, followed by a decrease. At the age of 3 months, kidney cyst formation is initiated (Figure 2C). While cysts are not (yet) consistently

observed in all of the knockout animals, the dilated cystic areas (cystic index, number) are already increased by 6-fold on average, relative to

control groups. Between 3 and 6 months of age, both the number of cysts and the cystic index increase by 4- to 5-fold in the Pkhd1knockouts,

claiming 8% of the whole cortex area and, thereafter, decline to half of the value in 9-month-old animals (Figures 2C and 2D). Development of

proximal tubule cysts is limited to Pkhd1-knockout mice, whereas no renal cysts were observed in heterozygous and wild-type control animals.

To address fibrotic remodeling during disease progression (Figures 2E and 2F), Sirius Red (SR) staining was performed. The fibrotic index

represents the area of collagen fibers per kidney cross section in relation to the whole cortex area (Figure S1D). Dense collagen fibers and

fibrotic regions (Figure 2E) are detectable at 6 months and further increased at 9 months of age in the Pkhd1-knockout mice. The collagen

fibers, while spreading throughout the entire cortex area, are particularly enriched around cystic lesions at the corticomedullary border.

Compared to controls, the fibrotic index (Figure 2F) increases by 10- and 15-fold in 6- and 9-month-old Pkhd1-knockout animals, respectively,

covering up to 3% of the cortex area. Enhanced TGF-b signaling related to renal fibrosis33,34 is confirmed by increased expression of Smad 3

target genes Ctgf, Col1a2, and Tgf-b1 itself, in tissue extracts (Figures S1E‒S1G).
iScience 27, 109487, April 19, 2024 3



Figure 2. Origin and growth of kidney cysts, and associated fibrosis in Pkhd1 knockout

(A) Cystic epithelia are positive for the proximal tubule marker aquaporin-1 (Aqp1) and staining of the brush borders (PAS), with no overlap for markers of the

distal tubule, uromodulin/Tamm-Horsfall protein (THF), and of the collecting duct epithelia, aquaporin-2 (Aqp2), respectively.

(B) Representative images show tissue sections of 6-month-old heterozygous control (Ctrl) and knockout (KO) animals. Extraction of the cystic index (C) and the

number of cysts (D) from entire, hematoxylin periodic acid-Schiff (H-PAS)-stained cross sections of the kidney (see also Figure S1C) indicate a strong and

consistent increase of cysts in Pkhd1 knockout (ho). Cyst growth is limited by a continuous increase of the fibrotic areas, as revealed by Sirius Red (SR)

staining of the collagen matrix (E) and the fibrotic index (F). There is neither indication of cyst formation nor of fibrotic lesions in kidney sections of

heterozygous (ht) and wild-type (wt) controls; see also Figures S1A‒S1G. (n = 8–9 animals, and means/group, time point). Statistics: two-way ANOVA,

Tukey’s; comparisons marked by (*) relate to the same genetic group at different age and by (#) to age-matched groups, indicating p % 0.05 and p % 0.001

by */# and **/##. Size bars: 100 mm.
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Cyst growth is associated with recruitment of inflammatory cells in the Pkhd1 knockout

Sites of inflammation were highlighted using F-4/80 immunostaining to assess the distribution and the enrichment of macrophages (Fig-

ure 3A). To quantify the inflammatory process, occurrence of macrophages as stained by F-4/80 was related to the total renal cortex area (Fig-

ure 3B). During early cyst development (3 months), there is no evidence for enhanced recruitment of macrophages, and kidney sections of the

Pkhd1-knockout and the control animals, mostly showing scattered cells, cannot be distinguished. By 6 months, macrophages accumulate in

renal tissue of the Pkhd1 knockout. The F-4/80-positive area is significantly increased andmacrophages appear enriched and clustered at the

cortex especially around and in-between cysts (Figures 3A and 3B). While macrophage recruitment to cystic epithelia is still enhanced in

9-month-old Pkhd1-knockout mice, differences to heterozygous and wild-type tissue decrease with some local enrichment also seen in con-

trol animals (Figure 3B). In controls, F-4/80-positive areas remain moderate in size at all time points, showing no significant differences be-

tween tissues of both groups. To address distribution of M1 and M2 macrophages, CD68 (macrosialin) co-staining was performed. The ratio

of CD68 and F4/80 double-positive M1macrophages to all F4/80-positive cells is comparably high in Pkhd1-knockout tissue at 3 months, and

lower than controls, at 6 months of age, when clusters of macrophages surround cystic areas. This observation suggests a prevalence of M2

characteristics in macrophages at sites of inflammation, in 6-month-old Pkhd1-knockout mice (Figures S2A and S2B), and mimics reports in

mousemodels orthologous to ADPKD,35 where alternatively activatedmacrophages (M2) were shown to promote tubular cell proliferation.36

Pkhd1-knockout tissue exhibits signs of enhanced proliferation and apoptosis

Although a controversy exists whether or not ARPKD is a strongly proliferative disease, a hallmark of disease development is the expansion of

the epithelial compartment, due to altered control of cell proliferation. Proliferative activity in the kidney was addressed comparing nuclear

Ki67 signals to the total amount of nuclei per section (Figures 3C and 3D). In tissue of 3-month-old Pkhd1-knockout mice, the number of pro-

liferative nuclei is already above controls (ht/wt). The frequency of Ki67-positive nuclei peaks in the 6-month-old Pkhd1-knockout mice,
4 iScience 27, 109487, April 19, 2024



Figure 3. Cyst epithelia attract macrophages and show signs of enhanced proliferation

(A) Distribution ofmacrophages, asmarked by F4/80, reveals their enrichment at cystic lesions of Pkhd1-knockout (KO)mice, in contrast to a scattered distribution

of resident macrophages in heterozygous (Ctrl) animals, both at the age of 6 months.

(B) The ratio of the F4/80 relative to the cortex area is strongly enhanced in Pkhd1-knockout mice (ho) aged 6 and 9 months, and highlights the inflammatory

process. Ki67 staining (C, D) indicates the nuclei of proliferating cells and reports enhanced cell proliferation in the kidneys of 6-month-old Pkhd1-knockout

animals.

(E and F) Nuclear localization of YAP/TAZ indicates inactivation of the hippo pathway (hippo off) in cyst-lining epithelial cells of Pkhd1-knockout mice aged 3, 6,

and 9months. Hippo signaling contributes to the control of organ size and homeostasis, and the proliferation of epithelial cells;27 see also Figures S2A‒S2G. (n =

8–9 animals, andmeans/group, time point). Statistics: two-way ANOVA, Tukey’s; comparisonsmarked by (*) relate to the same genetic group at different age and

by (#) to age-matched groups, indicating p % 0.05 and p % 0.001 by */# and **/##. Size bars: 100 mm.
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reaching 6% of proliferating cells per cross section, and 14-fold of the activity observed on average in the heterozygous and wild-type control

animals. In 9-month-old animals, the overall proliferative activity is decreasing by trend in all genotypes and stays moderately enhanced in the

Pkhd1-knockout mice. The incidence of Ki67-positive nuclei in heterozygous and wild-type animal tissue does not differ significantly between

both control groups at any age. Analysis of the proliferating cell nuclear antigen (PCNA), another proliferationmarker, in Pkhd1-knockout and

heterozygous control mice generated comparable results with regards to the incidence of proliferating cells and differences observed be-

tween genotypes (Figures S2C and S2D).

Remodeling of diseased kidney epithelia is associated with enhanced apoptosis,37 which can be studied by cleaved caspase-3 (Casp3)

staining. In Pkhd1-knockout tissue, we observed cell detritus and dead cells that were shed into cystic lumina and formed clusters

(Figures S2E and S2F). The number of Casp3-positive lumina was set in relation to all cystic lumina detected per cross section. While there

was only one heterozygous control animal (6 months) that exhibited one Casp3-positive cyst, about one-quarter of all cysts observed in

Pkhd1-knockout mice, aged 6 or 9 months, contained Casp3-positive material (Figure S2F). These results were reproduced by performing

the TUNEL assay in 6-month-old mice. Incidence of TUNEL-positive material was similar to Casp3 staining in cystic dilations of Pkhd1-

knockout kidneys, and no cell clusters were detected in tissue of controls (Figure S2G).

Cyst formation is accompanied by enhanced nuclear translocation of YAP and TAZ

YAP and TAZ are downstream effectors of the hippo pathway regulating organ size and homeostasis. Nuclear translocation of YAP/TAZ can

be triggered by different factors such as energy supply, fibrosis, and mechanical stress.38 To address a potential inactivation of hippo

signaling in the cyst-lining epithelia (Figures 3E and 3F), only epithelial cells were evaluated, counting the YAP/TAZ-positive nuclei relative

to total number of epithelial nuclei per tubule. In Pkhd1 knockout, the incidence of 38%–53% YAP/TAZ-positive nuclei, at all time points, in-

dicates consistently high activation of YAP/TAZ-dependent transcription in the kidney, while levels of 9%–13% as seen in control tissues are
iScience 27, 109487, April 19, 2024 5



Figure 4. Induction and nuclear localization of pSTAT3 in Pkhd1-knockout epithelia

(A) Cyst-lining epithelia in Pkhd1-knockout (KO) kidney sections are rich in pSTAT3 (Y705)-stained nuclei, as shown for 6-month-old knockout and control.

(B) STAT3 induction is verified by the ratio of pSTAT3-positive epithelial nuclei detected in the Pkhd1-knockout (ho) relative to control mice (wt, ht).

(C and D) Analysis of phosphorylated STAT3 protein levels in kidney extracts using western blot (WB) confirms the activation of STAT3, which is accompanied by

enhanced transcription of STAT3 target genes, Socs3 (E), Ccl2 (F), and Stat3 (G) (n = 8–9 animals, and means (B, D) or median (E–G)/group, time point). Statistics:

two-way ANOVA, Tukey’s (B, D) andMann-Whitney (E–G); comparisonsmarked by (*) relate to the same genetic group at different age and by (#) to age-matched

groups, indicating p % 0.05 and p % 0.001 by */# and **/##. Size bar: 100 mm.
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low (Figure 3F). Thus, Pkhd1-knockout epithelia show a 3- to 5-fold increase in nuclear YAP/TAZ, which is highest in 6- and 9-month-old mice.

As expected for proliferative cystic tissue,26,39 c-Myc expression is elevated in tissue extracts of Pkhd1-knockout animals compared to controls

with highest levels observed in 3-month-old animals (Figure S2G).

STAT3 signaling is induced in cyst-lining epithelia

Enhanced STAT3 signaling is detected in cystic kidney disease of different genetic origin, and furthermore, the intracellular domain of the

protein FPC was reported to negatively modulate Src-dependent phosphorylation and nuclear localization of STAT3. Accordingly, tyrosine

Y705-phosphorylated, nuclear STAT3 was observed in cyst-lining epithelia of ARPKD patients.30 In the Pkhd1 knockout, the number of

pSTAT3 (Y705)-positive nuclei was determined relative to the total number of epithelial nuclei per tubule (Figures 4A and 4B). At 3 months

of age, the incidence of nuclear pSTAT3 is moderately increased by 3-fold in kidney epithelia of the Pkhd1-knockout mice as compared to

controls (wt, ht). Nuclear signals (31%) are 6- to 7-fold increased in 6-month-old animals and level out at the age of 9 months, with 22% of

pSTAT3-positive nuclei in the Pkhd1-knockout mice. Again, there is no statistically confirmed difference between control groups, albeit a

moderate rise is present in the heterozygousmice aged 6months (Figure 4B). To confirmSTAT3 activation on the protein level, kidney extracts

of Pkhd1-knockout and wild-type controls were studied (Figures 4C and 4D) showing a 6-fold increase in pSTAT3 (Y705) of 6-month-old an-

imals, which highlights enhanced STAT3 signaling in cystic epithelia of Pkhd1-knockout mice. Increased expression of STAT3 target

genes,40,41 Socs3, Ccl2, and Stat3, was observed in renal tissue of 6- and 9-month-old Pkhd1-knockout mice (Figures 4E‒4G).

DISCUSSION

Our study of an ARPKD mouse model, introduced by Bakeberg and colleagues,31 addresses the evolution and molecular signature of cystic

kidney disease, as observed in female Pkhd1-knockout animals with a defined BALB/cJ background. The kidney phenotype shows several

features in common with a slowly developing, late-onset ARPKD and involves cyst formation of S3 tubular segments, which is accompanied

by recruitment of macrophages and continuous fibrotic remodeling. Defective homeostasis andmalfunction of tubular epithelia are detected

in response to stress factors that are predicted to require FPCprotein function. Disease progression is characterized by persistent activation of
6 iScience 27, 109487, April 19, 2024
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YAP/TAZ as well as enhanced STAT3 signalingwhichwas attributed to absence of the FPC intracellular domain. In thismodel of PKD, we study

the relevance of FPC deficiency for the observed defective homeostasis of stressed renal epithelia.

State of cystic epithelia and epithelial cells

Similar to other murine ARPKD models,32 cyst formation of the kidneys is moderate. Relative organ size of the kidney peaks at 6 months of

age and coincides with moderately enhanced cell proliferation, as determined by Ki67 and PCNA staining of nuclei, and with shedding of

apoptotic epithelial cells detected in 20%–40% of cyst lumina. Although cyst formation requires expansion of renal tubular epithelia, in

this study, there was no time point showing really high proliferative activity. This is in agreement with observations in different epithelial

cell models of murine, canine, and human origin which lack FPC protein function. Analysis of cell properties in 2D and 3D culture reveals

altered cell-cell interaction and a range frommoderately enhanced to reduced cell proliferation that is accompanied by increased apoptotic

signaling.20,37,42,43 In addition, preparations of primary urine-derived renal epithelial cells fromARPKDpatients did not provide evidence for a

proliferative advantage as compared to cells from healthy donors.43 In FPC-deficient epithelia, in a way similar to ADPKD, dysregulation of

mTOR, B cell lymphoma 2, and caspase pathways was suggested to affect the balance between autophagy and apoptosis, and to thus pro-

mote cyst formation.44 Altered cell-cell interaction of ARPKDepithelia, together with dysregulated proliferation and apoptosis of renal tubular

epithelial cells, is expected to alter cellular response to environmental stimuli, modify homeostasis signaling, and thus prime formation of

epithelial cysts.

In this model, cystic epithelia show signs of aberrant cell differentiation. In particular, consistently enhanced, atypical expression of the

sodium channel ENaCwas observed in dilated S3 segments. A study based on the rat ARPKDmodel reported elevated expression and chan-

nel activity of ENaC and proposed that enhanced sodium reabsorption of collecting duct epithelia would contribute to the hypertension

observed in PCK rats.21 Other studies also using PCK rats observed exacerbated cystogenesis, when ENaC expression and activity were in-

hibited or strongly reduced by a salt-deficient diet.45,46 Thus, altered expression of ENaC is expected to affect ion transport of Pkhd1-defi-

cient, cystic epithelia; however, consequences on disease progression remain to be established.

Origin and localization of epithelial defects

In this late-onset, murine ARPKDmodel, formation of kidney cyst is moderate and limited to the S3 tubular segment of femalemice. In ARPKD

patients, formation of fusiform cysts is mostly restricted to collecting ducts, showing highly variable onset and extent of disease progression.

This is most likely attributed to differences in penetrance and severity of pathogenic variants of the Pkhd1 gene, and there is no simple cor-

relation between genotype, onset and phenotypic outcome of PKD in patients.3,6,7 A study in human tissue documented a transient phase of

proximal tube cysts formed during embryonal development. These cysts entirely give way to cysts of the collecting duct in late embryonal

stages.47 Thus, susceptibility of FPC-deficient tubular epithelia to cyst formation can vary with developmental stage and between species.

In this context, mice appear to be better protected and develop no early or severe kidney phenotype. Comparison of different murine

ARPKD models confirms sensitivity of the proximal tube for cyst formation and shows variability in outcome and penetrance of epithelial de-

fects dependent on the mouse strain.32,48 There are reports that in addition to proximal tube cysts, murine Pkhd1 knockout models can show

cyst formation of collecting duct epithelia and also affect male animals. A mouse homozygous for the replacement of Pkhd1 exons 1–3 with a

lacZ reporter gene developed progressive renal cystic disease involving proximal tubules, collecting ducts, and glomeruli,49 and a mouse

homozygous for a deletion of Pkhd1 exons 3 and 4 in amixed genetic backgrounddeveloped cysts in the collecting ducts and thick ascending

limbs.50 In both cases, kidney cyst formation occurred in both sexes with variable penetrance, and (stress) factors leading to enhanced epithe-

lial susceptibility of these models remain elusive. Although there are no follow-up reports to both models, they have the potential to provide

additional information on disease-relatedmechanisms. In contrast to themixed strain background used for the initial description of the Pkhd1

knockout in this study,31 we observe complete penetrance of kidney defects in all BALB/cJ female mice aged 3 months or older, which is

apparent in any tissue section.

Inactivation of the Pkhd1 gene, as determined also in a different genetic approach, leads to consistent renal cyst formation of female mice

only.31,48 Sex differences becomemore relevant to the understanding of organ physiology and differential properties relate to tissue function,

impact of gene variants, and response to drug treatment. Two observations may help explain both selective occurrence and site of tubular

defects in femalemice. First, single-cell profiling ofmouse kidney revealed prominent differences in expression profiles between the sexes for

proximal nephron segments. Highest disparity was detected for gene activity of the S3 segment, highlighting differences in small molecules,

lipid, and organic acid metabolism.51 Second, transport activities of the S3 segment require high glycolytic activity, which makes them sen-

sitive to ischemic acute kidney injury.52,53 The male S3 segments in mice appear to have better mitochondrial function and higher lysosomal

activity, features controlled by androgens, which in male mice may provide a critical capacity to suppress cyst formation in metabolically

stressed tissue.48,54,55 Signs of diminished lysosomal and mitochondrial function were also detected in ARPKD patients,56–58 and recently,

FPC protein function was linked to mitochondrial performance. Protein fragments of the FPC cytoplasmic domain were shown to localize

in mitochondria, where they can modify mitochondrial morphology and signal to suppress renal cystogenesis.17

Pathogenesis of disease progression

In ARPKD, aberrant activity of the hippo pathway and increased proliferation are expected to promote cystic kidney disease, as known also for

other PKD conditions.3,27,28 YAP/TAZ, two transcriptional regulators controlled by the hippo pathway and other signals, are central to the

integration of physical stimuli and metabolic pathways to control cell behavior, proliferation, and tissue regeneration.38 In this mouse model,
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epithelia of Pkhd1-knockout mice show consistently high YAP/TAZ activation as indicated byR 30% YAP/TAZ-positive epithelial cell nuclei at

all time point analyzed, an increase by 3- to 5-fold compared to controls. While the factors that initiated enhanced transcriptional activity

remain to be elucidated, there are key properties of the cystic tissue that can help explain persistent activation of YAP/TAZ in epithelia of

Pkhd1-knockout animals. These properties—well documented to induce both transcriptional regulators38—are (i) altered cell-cell and cell-

extracellular matrix interaction, in particular higher force transmission, of FPC-deficient epithelial cells,19,20 (ii) increasing mechanical stress

induced by fibrotic remodeling of the kidney as observed in the model,59,60 and (iii) metabolic requirements of the S3 segment as discussed

previously in combination with enhanced glycolysis and metabolic reprogramming of PKD epithelia.61–63 Together, these three factors may

lead to a self-reinforcing cycle, whereby fibrosis enhancesmechanical stress and stimulates proliferation of epithelial cells and fibroblasts, and

fibrotic remodeling,64 while deteriorating tissue function worsens glycolytic stress, which all together further stimulate YAP/TAZ activity.38

Recruitment of macrophages associated with fibrotic tissue remodeling and cytokines can further contribute to disease progression.65

Functional relevance of the FPC cytoplasmic domain

Multiple pathways including high intracellular cAMP and mechanical stress lead to activation of the non-receptor tyrosine kinase Src, as de-

tected by Y416 phosphorylation, and subsequently, to STAT3-dependent transcription. STAT3 activation is proposed to promote disease

progression in PKD and to modulate inflammation.41,66,67 In cell culture, cAMP-induced Src activation is inhibited by (over)expression of

the FPC cytoplasmic protein domain (FPCc) in wild-type HEK293T cells. FPCc causes reduction of Src phosphorylation and STAT3-dependent

promoter activity.30 These results suggest a model, whereby the FPC cytoplasmic domain can interfere with Src activation to limit STAT3-

dependent transcription, and FPC may have a protective role in preserving epithelial homeostasis. In ARPKD epithelia which gradually

develop a cystic phenotype, (reduction or) absence of FPC protein will permit enhanced STAT3 activation, as these epithelia are continuously

stressed by PKD-related signals. Consistently, Pkhd1-knockout mice show pronounced nuclear localization of pSTAT3 and a corresponding

increase of total Y705-phosphorylated STAT3 in kidney extracts rising in parallel to cytogenesis. In a 3D culture model of cAMP-induced cyst

formation by plMDCK cells,68 protective effects of FPCc protein expression can be studied. Using several Pkhd1-knockout cell lines, we

observe that in agreement with the proposed model, controlled expression of FPCc can suppress cyst formation and concomitantly limit

Src/STAT3 signaling as detected by a strong reduction in phosphorylated Y416 Src and Y705 STAT3 (Hassan et al., unpublished).

We propose that activation of STAT3 in the late-onset ARPKDmousemodel reflects absence of the FPC cytoplasmic domain, and further-

more, promotes cystogenesis. This is in agreement with results in ARPKD patients showing enhanced Src/STAT3 phosphorylation in cyst-lin-

ing epithelia, and with the severe phenotypic outcome of two patients with truncating PKHD1 variants of the cytoplasmic protein domain.30 In

a further mouse model of ARPKD, removal of exon 67, the last exon in FPC which encodes the major part of the cytoplasmic domain, did not

result in a detectable liver (or kidney) phenotype of Pkhd1 Dexon67 mice.69 However, when combined with a delayed-onset ADPKD model

(Pkd1v/v), cytogenesis of the kidney was strongly enhanced in double-mutant mice.17 This suggests that function of the FPC cytoplasmic

domain becomes critical only, when epithelial homeostasis is challenged by cyst-inducing stress. This protective function of the protein

domain may help explain the low penetrance of kidney phenotypes in murine ARPKD models.32

In summary, this slowly developing, late-onset model of kidney cystogenesis stresses the relevance of Src inhibition (and related tyrosine

kinases) as discussed for clinical use in ADPKD and ARPKD.10,70,71 In addition, restoration of FPC cytoplasmic domain function in cystic tissue

can enhance mitochondrial function and attenuate stress-related Src activity and STAT3-dependent transcription, which together are pre-

dicted to protect the function of renal tubular epithelia and their homeostasis. The presented murine model reveals mechanisms triggered

by Pkhd1 deficiency, some of which are also observed in and proposed relevant to human ARPKD. The model is expected to allow the iden-

tification of new therapeutic targets and the testing of treatment strategies to prevent progressive organ damage in this severe disease.

Limitations of the study

In this study, analysis of renal cysts was restricted to female Pkhd1-knockout animals. While we established a reproducible, quantitative renal

cyst phenotype in BALB/cJmice, this model is not suitable for the analysis of kidney cyst formation in male Pkhd1-knockoutmice. Ductal plate

malformation and congenital liver fibrosis, as part of the ARPKD-related cystic liver disease observed in both sexes, were not addressed in this

manuscript.
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Küpper, F., Middeldorf, I., Schneider, F.,
Dornia, C., Rudnik-Schöneborn, S., Konrad,
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Rabbit monoclonal, Anti-YAP/TAZ (D24E4) Cell Signaling Technology Cat# 8418

RRID: AB_10950494

Biological samples

Kidney sections from Pkhd1-knockout (tm/tm),

heterozygous (wt/tm) and wildtype (wt/wt)

animals

MHH, Department of Pediatric Kidney, Liver

and Metabolic Diseases, Hannover, Germany
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Experimental models: Organisms/strains

C.129(B6-Pkhd1tm2Cjwa/J The Jackson Laboratory Cat #021023
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BALB/cJ strain The Jackson Laboratory Cat #000651
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Mouse-Gapdh Forward:

TATGTCGTGGAGTCTACTGG

Sigma-Aldrich N/A

Mouse-Gapdh Reverse:

AGTGATGGCATGGACTGTGG

Sigma-Aldrich N/A

Mouse-Socs3 Forward:

GGACCAAGAACCTACGCATCCA

Sigma-Aldrich N/A

Mouse-Socs3 Reverse:

CACCAGCTTGAGTACACAGTCG

Sigma-Aldrich N/A

Mouse-Stat3 Forward:

GCAATACCATTGACCTGCCG

Sigma-Aldrich N/A

Mouse-Stat3 Reverse:

ACGTGAGCGACTCAAACTGC

Sigma-Aldrich N/A

Mouse-TGFß1 Forward:

TTGCTTCAGCTCCACAGAGA

Sigma-Aldrich N/A

Mouse-TGFß1 Reverse:

TGGTTGTAGAGGGCAAGGAC

Sigma-Aldrich N/A

Software and algorithms

ImageJ, version 1.53 National Institute of Health RRID: SCR_003070 https://www.imagej.nih.

gov/ij/download.html

GraphPad Prism, version 7.02 GraphPad by Dotmatics RRID: SCR_002798 https://www.graphpad.

com

QuantStudio, version 2.5.0 Life Technologies/ Thermo Fisher Scientific N/A

Zen 2.6 Zeiss software ZEISS N/A

Other

Zeiss microscope, AxioObserver Z1 ZEISS RRID: SCR_021351

Axiocam 506 ZEISS Cat# 426556-0000-000

Axiocam MRc Rev.3 FireWire (D) ZEISS Cat# 426508-9902-000

Objective: Plan-Apochromat 20x/0.8 ZEISS Cat# 440640-9903-000

Cobas C111 analyzer Roche Diagnostics Cat# 04528778001

Odyssey Fc Imaging System LICOR Biosciences RRID: SCR_023227

QuantStudio 6 Pro Life Technologies/ Thermo Fisher Scientific Cat# A43161

RRID: SCR_020239

Standard rodent chow, TPF1324 Altromin Cat# 1324

TissueLyser LT Qiagen Cat# 85600

RRID: SCR_020428
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Lead contact

� Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wolfgang

Ziegler (Ziegler.Wolfgang@mh-hannover.de)
Materials availability

� Our study did not generate new unique reagents.
Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
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� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All mice were maintained in the Hannover Medical School Specific-Pathogen-Free (SPF) Animal Facility Unit. The following Pkhd1-knockout

transgenic mouse line was used: C.129(B6)-Pkhd1tm2Cjwa/J, generated in the laboratory of Christopher Ward.31 Mice were provided by The

Jackson Laboratory, Bar Harbor, MA, USA as JAX stock #021023, which is backcrossed to the BALB/cJ strain (JAX stock #000651). The

Pkhd1-knockout was achieved by targeted mutation of intron 2 inserting a loxP-STOP-loxP (LSL) cassette, containing a puromycin acetyl

transferase (pac) gene and four copies of an SV40 viral transcriptional termination sequence, that terminates all Pkhd1 transcripts in intron

2. Breeding, husbandry and handling of animals was performed according to approved animal protocols. Due to the mild kidney phenotype

of male homozygous Pkhd1 (tm/tm) knockout mice,31 cystic kidney disease was analyzed only in female animals. Mice on standard rodent

chow, TPF 1324 (Altromin Spezialfutter, Lage, Germany) were kept in mixed genetic groups of homozygous Pkhd1 (tm/tm) knockout and con-

trol animals, heterozygous Pkhd1 (wt/tm) or wildtype Pkhd1 (wt/wt). Animal well-being and health status, including weight, were monitored

regularly.
Study approval

The animal study was approved by the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES), Oldenburg,

Germany (Authorization number: Az 19/3103).
METHOD DETAILS

Section preparation, immunofluorescence, immunohistochemistry

At 3, 6 and 9 months of age, the animals were euthanized with prior collection of urine and blood samples and dissected. Serum, plasma, and

urine samples were collected and stored at -80�C. Organs were snap frozen or processed for paraffin embedding. To allow comparison of

organ weights among different genotypes and ages, relative organ weights were calculated using total body weight at the time of selection.

After fixation in 4% paraformaldehyde, kidneys were embedded in paraffin blocks and cut to 2.5 mm sections. Tissue sections were deparaffi-

nized, and stained with hematoxylin (#1.09249.0500) and PAS (Periodic Acid, #1.00524; Schiffs’ Reagent, #3952016), all from Sigma-Aldrich,

Taufkirchen, Germany. Picro-Sirius Red staining was performed according to provider’s protocols (Direct Red 80; #43665, Sigma-Aldrich).

TUNEL staining was performed using the TACS 2 TdT-Fluor In Situ Apoptosis Detection Kit (#4812-30-K, R & D Systems) according to pro-

vider’s protocol.

Immunofluorescence: sections were blocked with normal goat (or donkey) serum in PBS and washed with either PBS or TBST. Primary an-

tibodies were incubated at 4�C overnight and secondary antisera for 1h, with dilutions according to manufacturers’ recommendation. DAPI

mountingmedium (#SCR-038448; Dianova / Biozol, Hamburg, Germany) was used to stain nuclei. Primary antibodies used were, Alpha-ENaC

(#PA1-920A, Thermo Fisher Scientific, Waltam, MA, USA), Aquaporin1 (#NB6009471; Novusbio, Abingdon, United Kingdom), Aquaporin 2

(#10123; Biorbyt, Cambridge, United Kingdom), CD68 (KP1) (#14-0688-82, Thermo Fisher Scientific), Cleaved Caspase-3 (Asp175) (#9661;

Cell Signaling Technology, Frankfurt, Germany), Ki67 (#ab166671; Abcam, Cambridge, United Kingdom), PCNA (D3H8P) (#13110, Cell

Signaling Technology), mUromodulin (#MAB5175; R&D Systems, Minneapolis, MN, USA), YAP/TAZ (#8418; Cell Signaling Technology)

and secondary antisera, Alexa Fluor 488 goat anti-rabbit IgG (#A-11008), Alexa Fluor 488 donkey anti-rat IgG (#A-21208), Alexa Fluor 488

donkey anti-rabbit (#A-21206), Alexa Fluor 555 goat anti-rabbit IgG (#A-21428), and Alexa Fluor 555 goat anti-mouse IgG (#A-21422), all

from Thermo Fisher Scientific.

Immunohistochemistry: Slices were deparaffinized with xylol and series of grading alcohols. Antigen retrieval was performed using citrate

buffer followed by 3% peroxidase blocking with H2O2. After blocking and rehydration, primary antibodies were incubated at 4�C overnight,

secondary antiserum for 1h. Afterwards, an incubation with Metal Enhanced DAB Substrate Kit (#ICN980561; Thermo Fisher Scientific)

followed to visualize the antibody complexes. Nuclei were counterstained with hematoxylin. Stained sections were mounted in

Roti-Mounting medium (HP 68.1; Carl Roth, Karlsruhe, Germany). Antibodies were F-4/80 (#70076) and Phospho-STAT3 (Tyr705) (#9145),

both Cell Signaling Technology, Frankfurt, Germany, and Peroxidase-conjugated AffiniPure Goat Anti-Rabbit IgG (#31460; Thermo Fisher

Scientific).
Microscopy and quantitative image analysis

Images of cross sections were acquired on the Zeiss AxioObserver Z1 microscope, using 20x Plan-Apochromat (NA 0.8) objective and

AxioCam MRc Rev.3 for color imaging, or illumination with Colibri 7 and Axiocam 506 mono for fluorescence imaging. Software package

Zen 2.6 was used to control image acquisition and assembly of overviews (all from Zeiss, Göttingen, Germany). Filter sets and related stain-

ing were as follows: (1) Alexa Fluor 488 - filter set 38 HE, (2) Alexa Fluor 555 - filter set 43 HE, and (3) DAPI - filter set 49 (all filter sets from

Zeiss).
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Cyst formation, Cystic Index: Cross sections of kidney tissue were stained with hematoxylin-PAS (H-PAS) and overview images of

entire cross sections collected using the Zeiss Axio Observer. Detection of cysts and quantification of cyst numbers and cystic areas

was performed in ImageJ software, version 1.53,72 see Figure S1C. Software tools are indicated by <Name>. In brief, following import

of individual overview images, cortex area was defined using <freehand> and area determined in [mm2] by <measure>. Then, image was

converted to 8-bit and inverted. After enhancing contrast, a binary mask was created, and the threshold for cystic tubules set to diam-

eters R 50mm. <analyze particles> generated a mask showing automatically recognized cysts, and furthermore, determined (i) total

number of cysts, (ii) cystic area in [mm2] and (iii) average size of cysts in [mm2]. In this mask, automatically marked areas were evaluated

manually, and vascular lumina and artifacts removed with <freehand> to correct cyst number and cystic area. The edited mask was re-

analyzed using <analyze particles>. Total cystic area was set off against total cortex area to determine Cystic Index [% cyst area / cor-

tex area].

Fibrosis, Fibrotic Index: Fibrotic remodeling in kidney tissue was assessed using Picro-Sirius Red (SR) staining. Overview images of entire

cross sections were collected using the Zeiss Axio Observer and analyzed by ImageJ, see Figure S1D. In brief, following import of individual

overview images, cortex area was defined using <freehand> and area determined in [mm2] by <measure>. Image was converted to RGB.

Veins, arteries and glomeruli were removed manually with <freehand> to disregard physiological occurrence of collagen fibers. In the green

channel, threshold was set to only score collagen fibers and fibrotic area determined in [mm2] using <measure>. Total fibrotic area was set off

against total cortex area to determine Fibrotic Index [% fibrotic area / cortex area].

Macrophages, F4/80, and CD68 co-staining: Inflammation processes were evaluated by measuring the area of macrophages in relation to

the total area of kidney tissue per field [% F4/80 area/cortex area], using ImageJ. The analysis was based on five fields of the corticomedullary

border for each animal, building an average value. Incidence of CD68 / F4/80 double positiveM1macrophages was determined by analyzing

five randomly chosen fields within the corticomedullary border. In each field, five F4/80-positive areas were marked. Using ZEN2.6 imaging

software, these areas were assessed for CD68 co-staining. Thus 25 areas per animal were used to calculate the proportion of M1 to total num-

ber of macrophages.

Proliferation, Ki67 and PCNA: Five randomly chosen fields of the corticomedullary border were analyzed for each animal. The overall num-

ber of nuclei per field was counted automatically using ImageJ. Fluorescence channels were split to allow count of Ki67 or PCNA-positive

nuclei. Mean value of Ki67 / PCNA- expressing nuclei in relation to all nuclei was calculated for each animal.

Apoptosis, Caspase-3(Casp3): Apoptotic processes in kidney tissue were addressed based on cleaved Casp3 stained overview images.

Total number of cysts, defined as tubules with diametersR 50mm, was determined automatically by creating a binarymask of overviews using

ImageJ (see cyst formation). Lumina with Casp3-positive cells and cell detritus were counted to calculate percentage of Casp3-positive to all

cystic lumina [% Casp3 positive / all lumina].

Transcriptional regulators, pSTAT3, YAP/TAZ: To determine nuclear localization of pSTAT3 and YAP/TAZ, five randomfields of the cortico-

medullary border for each animal were analyzed using ImageJ. In each field, either five cystic tubules in Pkhd1-knockout or five non-dilated

tubules (cystic not available) in control animals were randomly selected and circled. Epithelial nuclei were counted automatically, and nuclei

expressing pSTAT3 or YAP/TAZ identified by hand. Average rate of epithelial nuclei showing nuclear localization of transcriptional regulators

was calculated based on 25 tubules per animal [% pos. nuclei / epith. nuclei].
Western Blot

Kidney tissue was extracted in RIPA buffer, 50mM Tris-HCl (pH 7.4), 1% Triton-x-100, 0.25% Na-deoxycholate, 200mM NaCl, 1mM

EDTA, protease inhibitor cocktail (#P8340; Sigma-Aldrich), 1mM Na3VO4 (1:200), 1mM NaF (1:200), using TissueLyser LT (Qiagen;

Hilden, Germany). Total protein contend was determined with BCA Protein Assay Kit (#23225; Pierce / Thermo Fisher Scientific).

Total kidney lysates, 35mg per lane were separated on 10% SDS-PAGE gels using Tris/glycine buffer. After transfer onto nitrocel-

lulose membrane, Amersham Protran (#10600003; Sigma-Aldrich), membranes were blocked using 5% BSA in TBST with 50% (v/v)

Intercept (TBS) blocking buffer (#927-60001; LI-COR Biosciences, Bad Homburg, Germany) and developed using primary antisera,

phospho-STAT3 (Tyr705) (D3A7) (#9145), STAT3 (124H6) (#9139), both from Cell Signaling Technology, and myosin IIA (#M8064;

Sigma-Aldrich). Secondary antisera used were, IRDye 800CW goat anti-rabbit-IgG (#926-32211), IRDye 680RD goat anti-mouse-

IgG (#926-68070) and protein band intensities quantified based on fluorescence detection using the Odyssey Fc Imaging System,

all from LI-COR Biosciences.
Quantification of gene expression

Using realtime PCR, transcription of genes,Ccl2, c-Myc, Col1a2, Ctgf, Socs3, Stat3, and Tgf-b, was determined in relation to a house keeping

gene,Gapdh, and expression levels calculated using 2-DDCt values. Kidney tissue was homogenized using 5mm stainless steel beads (#69989)

and TissueLyser LT (#85600), all from Qiagen, Helden, Germany. Total RNA was extracted from the homogenates using RNeasy Kit (#74106,

Qiagen), following manufacturer’s instructions. RNA, 500ng per each tissue homogenate, was transcribed into cDNA using QuantiTect

Reverse Transcription kit (#205311, Qiagen). Gene expression was determined in triplicates using PowerTrack SYBR Green Master Mix kit

(#A46113, Thermo Fisher Scientific) and the QuantStudio 6 Pro instrument (#A43161, Thermo Fisher Scientific) for realtime PCR. Data were

analyzed using the QuantStudio design and analysis software version 2.5.0. Primer sequences are shown in the key resources table, primer

specificity was ensured by determining DNA melting curves.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Since there was no prior information available, with respect to the frequency and extent of cyst development in Pkhd1 knockout mice with

BALB/cJ background, the group size of 8 animals per genotype was establish during this study. The groups of 9-months old mice were

extended to 9 animals each, to avoid selection of available knockout females in the litters. Data are reported as mean G SD. Data sets

were tested for normality and differences among groups evaluated using Two-way analysis of variance (ANOVA) followed by Tukey’s multiple

comparison. For nonparametric analyses,Mann-Whitney was used as indicated. P <0.05 was accepted as statistical significance. All tests were

performed using GraphPad Prism version 7.02 or later; GraphPad Software, San Diego, CA, USA.
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