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Lüder, ..., Steffen

Grampp,

Johannes
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SUMMARY

Autosomal dominant polycystic kidney disease is the most common monogenic
disease that causes end-stage renal failure. It primarily results from mutations
in the PKD1 gene that encodes for Polycystin-1. How loss of Polycystin-1 trans-
lates into bilateral renal cyst development is mostly unknown. cAMP is signifi-
cantly involved in cyst enlargement but its role in cyst initiation has remained
elusive. Deletion of Polycystin-1 in collecting duct cells resulted in a switch
from tubule to cyst formation and was accompanied by an increase in cAMP.
Pharmacological elevation of cAMP in Polycystin-1-competent cells caused cyst
formation, impaired plasticity, nondirectional migration, and mis-orientation,
and thus strongly resembled the phenotype of Polycystin-1-deficient cells.
Mis-orientation of developing tubule cells in metanephric kidneys upon loss of
Polycystin-1 was phenocopied by pharmacological increase of cAMP in wildtype
kidneys. In vitro, cAMP impaired tubule formation after capillary-induced injury
which was further impaired by loss Polycystin-1.

INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenic renal disease

(Hildebrandt et al., 2011). ADPKD is characterized by the development of numerous bilateral cysts that

enlarge continuously owing to increased cell proliferation and transepithelial fluid transport into the cysts’

lumina (Chebib and Torres, 2016). Cyst enlargement leads to compression of adjacent nephrons which then

results in a decline in kidney function (Grantham et al., 2011).

In most cases, ADPKD is caused by mutation of the PKD1 gene which encodes for Polycystin-1 (PC1) (Harris

and Torres, 2009). Complete loss of PC1 is lethal, therefore, only one of the two alleles of the PKD1 gene

reveals a germlinemutation in ADPKD patients (Cornec-Le Gall et al., 2014). Cyst formation is thought to be

initiated by an additional somatic mutation of the second allele (second hit) (Cornec-Le Gall et al., 2014).

This results in a circumscribed dilation of the renal tubule leading to a sac-like structure, which eventually

detaches from the tubule and forms a cyst (Grantham et al., 2011). The precise mechanisms leading to these

tubular alterations are still elusive. However, in recent years, it has become evident that PC1-deficient cells

exhibit an altered cell shape, changes in the actin cytoskeleton organization and impaired directed cell

migration, which altogether is supposed to contribute to the tubular dilations following the second hit

mutation (Nigro et al., 2015; Smith et al., 2020).

Existing therapy focuses on advanced stages of ADPKD, when cysts have already developed (Chebib et al.,

2018). Numerous pathways have been found to mediate cyst enlargement (Chebib et al., 2015). Tolvaptan,

the only existing targeted therapy for this disease, focuses on reduction of arginine vasopressin (AVP)-

mediated increase in cAMP, which is known to be an important mediator of cyst growth by promoting api-

cal chloride secretion and cyst cell proliferation (Torres et al., 2012). Next to AVP, increased activation of

calcium-inhibitable adenylyl cyclases 5 and 6 as well as decreased cAMP hydrolysis due to inhibition of cal-

cium-calmodulin-dependent phosphodiesterase type 1 (PDE1) may also contribute to cAMP upregulation

in ADPKD (Gattone et al., 2003; Ye et al., 2016).

Although the role of cAMP for chloride secretion and cyst enlargement has been intensively studied, its

potential involvement in the initiation of cyst formation has remained elusive so far. cAMP is the archetype

of a second messenger and is involved in a plethora of signaling pathways affecting various cellular
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characteristics (Sussman et al., 2020). Therefore, we wanted to test if alterations of cytosolic cAMP concen-

trations upon loss of PC1 may affect cell polarity and migration of renal tubule cells in vitro and in vivo and

therefore contribute to the initiation of renal cyst formation. We therefore established a PC1-deficient cyst

model. In ADPKD, cysts mainly originate from principal cells of the collecting duct (Raphael et al., 2009;

Torres, 2004). Madin-Darby Canine Kidney (MDCK) cells are widely used to study physiological and path-

ophysiological properties of renal epithelial cells. They originate from the collecting duct, are highly polar-

ized, and can be studied in three-dimensions within a collagen matrix (Buchholz et al., 2011). However,

MDCK cells reveal the risk of clonal variability upon cell culture conditions and passaging of cells and often

lack expression of detectable PC1 protein levels (Boca et al., 2007; Boletta et al., 2000). We therefore took

advantage of our previously described and characterized plMDCK subclone (principal-like MDCK cells

(Buchholz et al., 2014a), initially described as C7 clone (Gekle et al., 1994) which offers several advantages:

i) it highly resembles principal cells which are themain origin of cyst formation in ADPKD, ii) due to its clonal

character it is homogenous and keeps its properties over many passages, and iii) it expresses detectable

endogenous protein levels of PC1.

Here, we analyzed the impact of PC1 deletion on cAMP levels of plMDCK cells and its effect on cell-cell

organization, cell polarity, cell migration as well as cyst and tubule formation. In addition, alterations of

renal tubule cells upon inducible tubule-specific loss of PC1 and increase of cAMP has been studied in

embryonic kidneys.
RESULTS

PC1-competent plMDCK cells form tubular structures within a 3D matrix, whereas

PC1-deficient cells form cysts spontaneously

In order to test for PC1-dependent effects in renal tubular cells, we generated clones of principal-like (pl)

MDCK cells with a genetic deletion for PKD1 by the use of CRISPR/Cas9 technique. Figure S1 provides a

detailed overview of the generation approach, sequencing data, and validation of knockout on protein

level. plMDCK wild type as well as PC1-competent control clone cells (referred to as PKD1+/+ in figures)

form tubule-like structures within a collagen 1 matrix (Figures 1A, 1B, and S2). In contrast, two different

clones of PC1-deficient cells (referred to as PKD1�/� #1 and PKD1�/� #2 in figures) mainly formed cysts

spontaneously (Figures 1A and 1B). Since cAMP is an important promoter of cyst enlargement, we wanted

to test its effect in our model. Interestingly, increase of cAMP in PKD1+/+ and wild type cells by forskolin

which activates the enzyme adenylyl cyclase and increases intracellular levels of cAMP resulted in a switch

from tubule to cyst formation, mimicking the phenotype of PC1-deficient cells (Figures 1A, 1B, and S2). Of

note, PC1-deficient cysts did not change their cystic phenotype in the presence of forskolin except for that

cyst sizes were significantly increased compared to control condition and also compared to PKD1+/+ cysts

in the presence of forskolin (Figure 1B and S3). The increase of cyst size upon application of forskolin is in

line with numerous previous findings that show that cAMP promotes secretion-dependent cyst enlarge-

ment (Terryn et al., 2011). In summary, PC1-deficiency and increase in cAMP led to cyst formation of

plMDCK cells.
Loss of PC1 results in elevated levels of cAMP

Next, to evaluate cAMP as a driver of cyst initiation we tested for cAMP concentrations in PC1-competent

(wild type and PKD1+/+) cells and PC1-deficient cells (PKD1�/� #1 and PKD1�/� #2) (Figure 1C). cAMP levels

were comparable in wild type and PKD1+/+ cells. However, cAMP was significantly elevated in the PC1-defi-

cient cell clones (Figure 1C). Forskolin significantly elevated cAMP concentrations in PC1-competent and

PC1-deficient cells to a similar level (Figure 1C). These data suggested that the different levels of cAMP

under control conditions may be causative for the phenotypic differences between PC1-deficient and

PC1-competent cells within the 3D matrix.
PC1 deletion and increase of cAMP impair the motility of spheroids within a collagen matrix

In vitro tubulogenesis by MDCK cells undergoes a well-described 4-step process (Zegers et al., 2003). Cells

first form small cystic aggregates followed by a few cells at the border sending out centrifugal extensions.

The extensions then guide cells to migrate out of the aggregate and form a chain of cells. Cells then divide

to form a cord and finally build a lumen by further separation. Extension formation and cell migration out of

PC1-competent aggregates could bemonitored by significant movements within the collagenmatrix using

live cell imaging (Figures 1D, 1E, and S4 and Video S1). In contrast, loss of PC1 resulted in significantly
2 iScience 25, 104359, June 17, 2022
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Figure 1. Deletion of PC1 results in a switch from tubulogenesis to cyst formation and is accompanied by an

increase of cAMP and a decrease in cell motility

(A and B) PC1-competent clonal cells (PKD1+/+) mainly formed tubule-like structures within a collagen matrix when

incubated with control medium (Ctrl). In contrast, PC1-deficient cells (PKD1�/�; shown for two different clones #1 and #2)

primarily formed cysts within the collagen matrix in the presence of control medium (Ctrl). Application of forskolin (FSK;

10mM) to PKD1+/+ cells turned them into cyst-forming cells resembling the phenotype obtained by PC1-deletion under

control condition. Incubation of PKD1�/� cells with forskolin (FSK; 10mM) had no impact on their morphology.

(A) provides the analysis of the ratio of cystic to tubule-like formed structures (analysis of 128 images from n = 4 individual

experiments).

(B) shows representative images after five days of culture within a collagen I matrix.

(C) Measurements of cAMP concentrations revealed similar values in clonal PC1-competent cells (PKD1+/+) compared to

wild type cells (wt). PC1-deletion resulted in significantly elevated cAMP levels in PC1-deficient cells (PKD1�/� #1 and #2)

with PKD1+/+ set as 100% (n = 6 individual experiments). Incubation of the cells with forskolin (FSK; 10mM) resulted in a

significant increase of cAMP in PC1-competent and PC1-deficient cells to a similar level (n = 3 individual experiments).

(D and E)Movement of spheroids of PC1-competent and PC1-deficent cells (shown for PKD1�/� #1) within the collagenmatrix

was captured by live imaging of 30 spheroids per condition and cell type fromn= 3 individual experiments for 48 h. Deletion of

PC1 resulted in decreased motility. Incubation with forskolin (FSK; 10mM) also led to a reduction of motility in PC1-competent

cells to a similar degree obtained from PC1-defcient cell under control condition. Application of forskolin to PC1-deficient

spheroids had no additional effect. (D) Analysis of movements of spheroids within the matrix. (E) Representative traces of

single spheroids within 48 h of imaging. *significant compared to PKD1+/+-Ctrl; x significant compared to PKD1�/�#1-FSK and

PKD1�/�#2-FSK, respectively. Data are represented as mean G SEM. See also Figures S1–S,5, and Video S1.
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reduced movements (Figures 1D, 1E, and S4, and Video S1). Increase of cAMP by forskolin reduced the

movement of PC1-competent aggregates to a similar degree as obtained from deletion of PC1

(Figures 1D, 1E, and S4, and Video S1). Incubation of PC1-deficient aggregates with forskolin did not

further reduce movement (Figures 1D, 1E, and S4 and Video S1) suggesting a threshold of cAMP concen-

tration that once exceeded turns the renal tubule cells from tubule-forming into a cyst-forming phenotype.

In contrast, in vitro growth of PC1-deficient cysts could be further increased by raising cAMP concentrations

with forskolin (Figure S3) which is in line with previous findings (Cabrita et al., 2020).

Next to cAMP, we have shown that hypoxia and subsequent activation of the hypoxia-inducible factor

HIF-1a as well as ATP have significant impact on cyst enlargement by activation of calcium-activated chlo-

ride secretion (Buchholz et al., 2014b; Kraus et al., 2016a, 2018). Therefore, we analyzed whether inhibition
iScience 25, 104359, June 17, 2022 3
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Figure 2. Lack of PC1 along with increase of cAMP leads to defective cell migration

(A) Tracks of individual cells (50 cells per condition from n = 3 individual experiments) imaged for 6 h in wound healing

assays starting 2 h after wounding the cell monolayer. Deletion of PC1 (PKD1�/�; red) resulted in reduced migration. The

same was obtained when incubating PC1-competent cells (PKD1+/+; blue) with forskolin.

(B) Representative images of wound healing assays showing the invaded area of cells within 6 h.

(C) Quantification of the euclidean distance of the individually tracked cells (left) and the ratio of euclidean distance in

relation to the accumulated distance (right) indicating significant impairment of directed cell migration upon loss of PC1

or application of forskolin in PC1-competent cells. *significant compared to PKD1+/+-Ctrl. Data are represented as

mean G SEM. See also Figure S6, Videos S2 and S3.
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of prolyl hydroxylation by 2-(1-chloro-4- hydroxyisoquinoline-3-carboxamido) acetate (ICA) which prevents

HIF-degradation, HIF-1a inhibition by acriflavin (ACF) or application of ATP have an impact on the forma-

tion of cysts or tubular structures in the 3Dmatrix (Figure S5). In contrast to cAMP, neither ICA, ACF nor ATP

exerted considerable influence on the architecture of cell aggregation of PC1-competent cells (forming tu-

bules) or PC1-deficient cells (forming cysts) (Figure S5) excluding a significant impact of HIF or ATP on the

morphological differences in our cell clones.
PC1-deficiency and increased cAMP concentration impair motility and directed cell migration

of renal tubule cells

Tubule formation including elongation and repair depends on sustained cell motility and directed cell

migration (Lienkamp et al., 2012) (and Figure S6 and Video S2). In the 3D matrix experiments we have

observed a reduced motility of the cell aggregates upon loss of PC1 or increase of cAMP. Next to the over-

all motility, we wanted to test for effects on directed cell migration. Therefore, we performed single cell

tracking in wound healing assays (Figure 2 and Video S3). PC1-competent cells migrated toward the wound

in a directed manner (Figure 2 and Video S3). In contrast, PC1-deficient cells showed significantly reduced

directed migration (Figure 2 and Video S3). Application of forskolin significantly diminished directed cell

migration in PC1-competent cells comparable to PC1-deficient cells tracked under control condition (Fig-

ure 2 and Video S3). Significant reduction of the ratio of euclidean distance compared to accumulated dis-

tance illustrates that impairment of cell movement was not solely caused by reduction in overall motility but

also by alterations in orientated migration (Figure 2C).
Loss of PC1 leads to cAMP-dependent change in planar cell organization

Since lack of PC1 along with increased levels of cAMP resulted in a switch from tubulogenesis to cystogen-

esis as well as reduced directed migration, we wanted to test for additional changes in cell orientation.

Planar cell polarity (PCP) plays a crucial role for the proper development and maintenance of tubules. Dis-

turbances of PCP may promote tubular dilation and early cyst formation (Lienkamp et al., 2012; Nigro et al.,

2015). Therefore, we next monitored colony formation of outgrowing single clonal cells to identify geno-

type-phenotype related correlations (Figure 3). Colonies of PC1-competent cells were characterized by

a scattered appearance of individual cells with rather irregular colony borders interrupted by numerous
4 iScience 25, 104359, June 17, 2022
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Figure 3. Loss of PC1 and increase of cAMP lead to dense cell aggregation and reduction of disseminating single

cells

PC1-competent cells (PKD1+/+) and PC1-deleted cells (PKD1�/�) were cultured at low density (3200 cells/cm2) and

analyzed with regard to their growing pattern.

(A) PC1-competent cells kept growing in a disseminated pattern forming small colonies with a significant amount of single

cluster-independent cells. PC1-deleted cells resulted in dense and evenly bordered cell aggregations with only a few

single cells being detectable outside these cell formations. Forskolin (FSK; 10mM) significantly reduced the number of

single PC1-competent and PC1-deficient cells (analysis of 72 images from n = 3 individual experiments).

(B) Voronoi-based analysis of cell distance between clustering cells (defined as > two cells). Cell distance was significantly

higher in PC1-competent cells compared to PC1-deficient cells and PC1-competent cells in the presence of forskolin.

(C) Analysis of cell density within bigger cell aggregates (comprising 10 - 50 cells/cluster). Cells were significantly less

dense within the clusters of PC1-competent cells under control condition compared to PC1-deficient cells or PC1-

competent cells in the presence of forskolin.

(D) Representative images after 48 h of culture of PC1-competent cells (PKD1+/+) and PC1-deficient cells (PKD1�/�) under
control condition (Ctrl) or in the presence of forskolin (FSK; 10mM). Row 1 shows representative images of DAPI-stained

cells. In each image, one cell cluster wasmarked by a yellow outline in order to facilitate finding of the corresponding parts

in the Voroni-based animations and heat map analyses. Row 2 shows Voronoi-based animation of cell clusters (defined

as > two cells; white) and single cells (red). Row 3 shows heatmap analysis of cells visualizing cell density defined as blue =

low cell density and red = high cell density. *significant compared to PKD1+/+-Ctrl. # significant compared to PKD1�/�-
Ctrl. Data are represented as mean G SEM. See also Figures S7 and S8.
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outgrowing and migrating cells (Figures 3A and 3D). In contrast, PC1-deficient cells revealed a more

compact cell organization with a more defined colony border and only few migrating cells (Figures 3A

and 3D). In addition, when comparing cell clustering (defined as more than two cells) by unbiased Voronoi

interpolations, cell distance was significantly higher in PC1-competent cells under control condition than in

PC1-deficient cells and PC1-competent cells in the presence of forskolin (Figures 3B and 3D). Furthermore,
iScience 25, 104359, June 17, 2022 5
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Figure 4. PC1 deletion and cAMP increase lead to impaired epithelial tubular cell orientation in metanephric mouse kidneys

Metanephric kidneys (n = 3 per condition) from KspCreERT2:Pkd1lox;lox mice were dissected at embryonic day 13.5 and either incubated with control medium

in order to preserve PC1 expression (Pkd1+/+) or medium supplemented with hydroxytamoxifen (500 nM) resulting in tubule-specific deletion of PC1

(Pkd1�/�). Thereafter, kidneys were cultured ex vivo for five days either incubated with control medium (Ctrl) or in the presence of forskolin (FSK; 10mM). (A)

Violin plots illustrating the deviation of the tubule cell’s longitudinal axis from the longitudinal tubular axis with a reference angle set = 90� (n = 30 tubules per

condition with a mean of 10 analyzed cells per tubule).

(B and C) Representative images of metanephric kidneys stained for E-Cadherin illustrating tubule epithelial cell borders and binarized images with depicted

longitudinal cell axes. *significant compared to PKD1+/+-Ctrl. Data are represented as mean G SEM.
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when analyzing cell density in bigger cell aggregates (defined as at least 10 cells) visualized by heat map

analyses, PC1-competent cells were significantly less dense compared to PC1-deficient cells and PC1-

competent cells stimulated with forskolin (Figures 3C and 3D). Similar results were obtained by the use

of the cAMP and cGMP phosphodiesterase inhibitor IBMX in PC1-competent cells (Figure S7). Collectively,

altered colony morphology and cluster organization indicated changes in planar cell orientation by loss of

PC1. Application of forskolin or IBMX to PC1-competent cells induced a cluster organization with reduced

cell surface area, better defined colony borders and less outgrowing cells highly resembling PC1-deficient

cells under control condition.

Additionally, we analyzed cluster organization in PC1-competent and PC1-deficient plMDCK monolayers

upon application of the prolyl-hydroxylase inhibitor ICA, HIF-inhibitor ACF, ATP, and the ATP scavenger

apyrase. None of these substances affected plMDCK cell organization (Figure S8).

In summary, these findings suggest that increase of cAMP upon loss of PC1 may result in altered cluster

formation and organization due to defects in planar cell orientation.

PC1 deficiency along with elevated cAMP results in defective orientation of tubular cells in

developing mouse kidneys

Our previous findings indicated that PC1 deficiency resulted in impaired tubulogenesis and cell orientation

in a cAMP-dependent manner in vitro. Next, we analyzed metanephric mouse kidneys for defects in tubular

cell arrangement and tubule formation. Interestingly, tubule-specific knockout of Pkd1 as well as applica-

tion of forskolin induced cyst formation in ex vivo cultured metanephric mouse kidneys (Kraus et al., 2016b).

We harvested metanephric kidneys from inducible tubule-specific Pkd1 knockout mice at embryonic day

13.5 and cultured them ex vivo. Pkd1 knockout was induced by application of hydroxy-tamoxifen as

described previously (Kraus et al., 2016b). Both, PC1-competent as well as PC1-deficient kidneys were

either incubated with forskolin or kept under control conditions for five days. Then, kidney sections were

stained for E-Cadherin to analyze the pattern of planar cell arrangement within the renal (non-cystic) tu-

bules. Longitudinal orientation of E-cadherin positive tubular cells was nearly parallel in non-induced

PC1-competent kidneys (Figure 4). In contrast, mediolateral orientation was significantly altered in PC1-

deficient kidneys (Figure 4) which was in line with previous findings (Castelli et al., 2013). Application of for-

skolin in control kidneys resulted in reduced mediolateral orientation of E-Cadherin positive tubular cells

highly resembling PC1-deficient kidneys (Figure 4). Forskolin in addition to PC1 deletion led to similar dis-

tributions of tubular cells deviating from their designated orientation along the tubular axis compared to

PC1-deleted kidneys incubated with control medium. However, cystic phenotype differed between these

two conditions as PC1-deficient kidneys co-stimulated with forskolin had significantly higher cystic

indices as shown previously (Magenheimer et al., 2006; Schreiber et al., 2019). If worsening of the cystic
6 iScience 25, 104359, June 17, 2022
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phenotype by forskolin could exclusively be explained by chloride secretion-mediated cyst enlargement of

already formed cysts or if additive cAMP increase in PC1-deficient tubule cells further perturbed tubule

development remained unclear. However, this issue may be addressed in vitro. We therefore wondered

if PC1-competent and PC1-deficient cysts in the presence of forskolin can be stimulated to form tubules

and if so, if the phenotype differed depending on the genotype.

Capacity for tubule formation upon increase of cAMP is more reduced in PC1-deficient cells

than in PC1-competent cells

Hepatocyte growth factor (HGF) causes MDCK cysts to produce branching tubules within several days

(Zegers et al., 2003). In line with these findings, HGF tended to increase the number of tubule-like structures

in PC1-competent cells in the presence of control medium (Figure S9). However, HGF showed no impact on

PC1-competent cysts in the presence of forskolin as well as PC1-deficient cysts in the presence or absence

of forskolin (Figure S9). We next wondered if there was a stronger stimulus that could overcome cAMP-

mediated cyst growth and lead to tubule formation. Kidney injury induces gene expression of tubule

epithelial cells that significantly overlaps with expression profile found during metanephric kidney devel-

opment (Kirita et al., 2020). Therefore, we wanted to test if injury of the cyst-lining epithelium can cause

repair by forming tubular structures. To achieve this, we established a novel technique through which injury

was induced by puncture of cysts within a collagen I matrix with a pulled glass capillary microneedle and the

use of a micromanipulator (Figure 5, Videos S4 and S5). As shown before, PC1-competent cells formed

cysts within a collagenmatrix in the presence of forskolin (Figure 5). Needle-induced injury of the cyst medi-

ated cellular repair by growing out a tubule. However, this was only obtained in 35.9G 5.9% of injured PC1-

competent cysts indicating impaired capacity of tubule formation in the presence of forskolin (Figure 5).

Injury of PC1-deleted cysts of comparable sizes only resulted in tubulogenesis in 16.0G 6.4% of cases (Fig-

ure 5). Furthermore, the small number of tubules that formed in PC1-deficient cysts were smaller and grew

much slower (Figures 5B and 5C). These data further indicate that increase of cAMP impairs tubule forma-

tion of renal tubule cells but also show that exogenously induced increase of cAMP in PC1-deleted cells

reduces the capacity of tubule formation to a greater extent than in PC1-competent cells.

DISCUSSION

Loss of PC1 is a common prerequisite of cyst formation in ADPKD (Harris and Torres, 2009). However, the

downstream effectors leading to cystogenesis are largely unknown. The second messenger cAMP is

increased in cystic kidneys and its contribution to ADPKD pathophysiology has therefore been intensively

studied (Sussman et al., 2020). cAMP is synthesized by adenylyl cyclases from ATP. It functions as a second

messenger to transfer signals from G-protein ligands subsequently resulting in activation of protein ki-

nases, ion channels or induction of gene expression (Sussman et al., 2020). In ADPKD, cAMP has mainly

been characterized as a mediator of cyst enlargement by activation of cAMP-induced chloride secretion

(Terryn et al., 2011). cAMP is induced by arginine vasopressin (AVP) in ADPKD patients by stimulation of

vasopressin 2 receptors (V2R) that are expressed in the basolateral membrane of cyst-lining cells (Meijer

et al., 2011; Torres et al., 2012). Next to the exogenous stimulation, additional endogenous pathways

have been discussed to result in cAMP elevation upon loss of PC1. For instance, reduction of intracellular

calcium levels may affect cAMP synthesis owing to activation of calcium-inhibitable adenylyl cyclases 5 and

6 (Rees et al., 2014; Wang et al., 2018). In addition, inhibition of calcium-calmodulin-dependent PDE1 may

reduce cAMP hydrolysis (Sussman et al., 2014). The underlying mechanisms resulting in elevated levels of

cytosolic cAMP in ADPKD cyst-lining cells are still not clear. Our findings support the idea that deletion of

PC1 leads to endogenous induction of cAMP independent from extracellular stimuli since cAMP measure-

ments in our experiments were performed in serum-free medium. However, we cannot rule out that cAMP

may be additionally elevated by extracellular stimuli in experiments using serum-containing medium and

that PC1-deficient cells may be more susceptible to hormones such as AVP that stimulate Gs-coupled

receptors.

Increased concentration of cAMP following PC1 deletion was accompanied by a significant decrease in tu-

bule epithelial cell migration, alterations in planar cell organization and mis-orientation of cells along the

tubule system in embryonic kidneys. MDCK cells are widely used to study polarization, migration and cyst

formation. As described, we used plMDCK cells, a subclone that expresses PC1 at detectable protein

levels. The presence of PC1 may explain why our control cells form tubule-like structures within a collagen

I matrix under control conditions whereas other reports described cyst formation using MDCK cells under

similar conditions and the need for overexpression approaches in order to study PC1 function (Boca et al.,
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PC1-competent (PKD1+/+) and PC1-deficient cells (PKD1�/�) were cultured within a collagen matrix in the presence of forskolin (FSK; 10mM) where they

formed cysts within four days. Thereafter PC1-competent cysts (n = 47 from three individual experiments) and PC1-deficient cysts (n = 75 from four individual

experiments) were punctured with a pulled glass capillary microneedle and the use of a micromanipulator. Punctured cysts were imaged for 70 h as depicted

in (A).

(B) Analysis of the ratio of cysts forming tubules after injury.

(C) Analysis of the length of the formed tubules within 70 h.

(D) Outgrowth speed of the formed tubules by tracking the distance within 1000 min (measured from minute 100 to 1100 after injury).

(E) Representative images showing tubular outgrowth in PC1-competent and PC1-deficient cysts. *significant compared PKD1+/+. Data are represented as

mean G SEM. See also Figure S9, Videos S4 and S5.
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2007; Boletta et al., 2000). However, in line with our findings, overexpression of PC1 in MDCK cells resulted

in a gain of tubulogenesis, whereas control clones (which did not express PC1) formed cysts (Boletta et al.,

2000). Similarly, a switch from tubule to cyst formation has been described in epithelial Pkd1 knockout cells

derived from Pkd1flox/- mice (Merrick et al., 2012).

Cyst formation is associated with the induction of numerous signaling pathways. A very robust finding is the

activation of ERBB receptor tyrosine kinases (EGFR/ERBB1, HER2/ERBB2, ERBB3, and ERBB4) that induce

multiple signaling cascades comprising RAF, MEK1/2, and ERK1/2 kinases (Seeger-Nukpezah et al., 2015).

In the kidney, ERBB proteins are involved in tubulogenesis and are essential for renal development by con-

trolling proliferation and orientation, in particular, polarization of tubule epithelial cells (Kee et al., 1997;

Veikkolainen et al., 2012). Upstream of ERBB, the cytoplasmic tyrosine kinase SRC mediates phosphoryla-

tion of EGFR in the catalytic domain which stabilizes kinase activation and promotes activation of RAF-

kinases (Biscardi et al., 1999; Parker et al., 2020). Furthermore, SRC enhances EGFR-dependent activation

of the JAK-STAT pathway further promoting cyst growth (Silva, 2004; Strubl et al., 2020). Interestingly, SRC

has been shown to be activated by cAMP-induced protein kinase A (Wang and Zhuang, 2017). Therefore,
8 iScience 25, 104359, June 17, 2022
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it is intriguing to speculate, that endogenous elevation of cAMP upon loss of PC1 may be an early event

in cyst initiation, subsequently leading to activation of signaling cascades comprising ERBB, RAF, ERK,

JAK-STAT, altogether contributing to cyst formation. In addition, cyst growth may further be promoted

by exogenous stimulation of Gs-coupled receptors as shown for AVP binding to V2R (Torres et al., 2012).

Tubule-specific deletion of Pkd1 in metanephric mouse kidneys resulted in cyst formation and was accom-

panied by a significant increase of mis-orientated cells along the developing tubular system. To our sur-

prise, pharmacological elevation of cAMP by forskolin in Pkd1-competent kidneys resulted in a very similar

phenotype. Cyst formation in metanephric kidneys has primarily been attributed to induction of cAMP-

induced chloride secretion leading to tubular dilations owing to a lack of efflux as developing nephrons

and collecting ducts have not yet connected (Buchholz et al., 2014b; Magenheimer et al., 2006). However,

recently it has been shown that antagonists of EGFR and SRC inhibited forskolin-dependent cyst formation

in Pkd1-metanephric mouse kidneys (Jansson et al., 2012). This strengthens the hypothesis that increase of

cAMP may be an early event initiating cyst formation by activation of SRC- and ERBB- mediated signaling

pathways.

Our data suggest a threshold for cytoplasmic cAMP that needs to be reached to induce cellular alterations

resulting in defective migration and causing a switch from tubulogenesis to cyst formation. Loss of PC1 re-

sults in critical increase of cAMP. This assumption is based on the finding that loss of PC1 resulted in com-

parable phenotypes that were obtained from PC1-competent cells incubated with forskolin although

reaching higher cAMP concentrations. In addition, no significant additive effects on cyst formation,

directed cell migration, and cell cluster assembly were obtained when applying forskolin to PC1-deficient

cells. In themetanephric kidneys, forskolin, PC1 deletion as well as the combination of both resulted in simi-

larly altered distributions of tubular cells deviating from their designated orientation along the tubular axis.

However, cyst growth was increased in PC1-deficient kidneys if co-stimulated with forskolin as shown pre-

viously (Magenheimer et al., 2006; Schreiber et al., 2019). We assumed that cyst growth in the PC1-deficient

metanephric organs was primarily mediated by cAMP-dependent activation of apical chloride secretion.

However, we could not rule out additive cyst initiation events by further increase of cAMP. The data ob-

tained from our novel injury-induced tubule formation model suggested that forskolin resulting in compa-

rable levels of cAMP in PC1-competent and PC1-deficient cells had a stronger effect on suppressing tubule

outgrowth in PC1-deficient cells. This may be caused by additional but cAMP-independent effects. Alter-

natively, cAMP may promote stronger activation of downstream signaling pathways in cells lacking PC1

compared to PC1-competent cells. It would be interesting to address this question in future studies.

Next to our findings obtained from tubule epithelial cells, PC1-deficient lymphatic endothelial cells also

showed defective directed migration as well as PC1-deficient mouse embryo fibroblasts (Boca et al.,

2007; Outeda et al., 2014). It would be intriguing to see if these alterations may also result from changes

in cAMP levels and therefore represent a general cellular mechanism caused by loss of PC1 or if our findings

are specific for renal tubule cells.

In conclusion, this study emphasizes the importance of cAMP in ADPKD whose increase upon loss of PC1

significantly may trigger the initiation of renal cyst formation. Therefore, cAMP may not only qualify as a

target to inhibit cyst enlargement but also to prevent initiation of cyst formation.
Limitations of the study

Our study has several limitations: 1) experiments were conducted with MDCK cells and embryonic mouse

kidneys. Therefore, in future studies it would be interesting to analyze human cells and tissue. 2) The mech-

anism of how loss of PC1 leads to increase in cAMP is not clear. 3) Ideally, we would have been able to lower

cAMP in PC1-deficient cells to test if this reverses the phenotypic changes that we find upon loss of PC1.

However, due to a lack of reasonable pharmacological strategies, we were not able to address this

question.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

primary PC1 antibody Santa Cruz Biotechnology, TX, USA 7e12; RRID: AB_2163355

DAPI Sigma-Aldrich, Taufkirchen, Germany D9542

Chemicals, peptides, and recombinant proteins

SpCas9(BB)-2A-puro-vector (PX459) V2.0 Addgene, Watertown, MA, USA ID 62988

pGL3 Luciferase Reporter Vector Promega, Madison, WI, USA E1751

ECL Femto Substrate ThermoFisher, Waltham, MA, USA 34094

2-(1-chloro-4- hydroxyisoquinoline-3-carboxamido)

acetate (ICA)

Gift from Prof. Nicolai Burzlaff,

Dpt. of Chemistry and Pharmacy,

University Erlangen-Nuernberg, Germany

Forskolin Sigma-Aldrich F6886

ATP Sigma-Aldrich A6419

Acriflavine Sigma-Aldrich A8126

DMSO Carl Roth A994.1

(Z)-4-hydroxytamoxifen Sigma-Aldrich H7904

PureCol�, Bovine Collagen CellSystems, Troisdorf, Germany 5005

brilliant cresyl blue Carl Roth, Karlsruhe, Germany 5162.1

Critical commercial assays

cAMP-Screen Direct System Applied Biosystems, Foster City, CA, USA P/N 4412186

Experimental models: Cell lines

principal-like Madin-Darby Canine Kidney cells

(plMDCK cells) subclone

Gekle et al., 1994, Buchholz et al., 2011

Experimental models: Organisms/strains

KspCreERT2:Pkd1lox;lox (tamoxifen-inducible, kidney

epithelium-specific Pkd1-deletion mouse model)

Gift from Prof. Dorien J.M. Peters

(Dpt. of Human Genetics, Leiden

University, Netherlands)

Lantinga-van Leeuwen et al., 2007

Oligonucleotides

Guide primers

Exon 1 fw 5’-CACCGTGCTCCGGGCATTGGACGTT

Exon 1 rev 5’-AAACAACGTCCAATGCCCGGAGCAC

Sigma-Aldrich

Cloning primers

Exon 1 clon fw 5’-GCATGGTACCCAGAAAGGGAA

TGGCGCAG

Exon 1 clon rev 5’-GCTAGCTAGCGCTTGGCTAAT

GACACCCAC

Sigma-Aldrich

Off-target primers

Chrom 34 fw 5’-ACGTAAGCGGCAAGAGTCAA

Chrom 34 rev 5’-CTGCCTTCATCACTCCCAGG

Chrom 3 fw 5’-AATTGGCTGCTGTGCAAAGC

Chrom 3 rev 5’-CAGCCTCTCCCCATAGCAAG

Sigma-Aldrich

Software and algorithms

Guide RNA design algorithm Zhang laboratory, Cambridge,

MA, USA

http:/crispr.mit.edu/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

ImageJ ImageJ Version 1.52a National Institute of Health, RRID:SCR_003070

(https://imagej.nih.gov/ij/)

Fiji Morphological Segmentation Plugin MorphoLibJ https://imagej.net/plugins/morpholibj

Chemotaxis and Migration Tool Software ibidi, Graefelfing, Germany https://ibidi.com/chemotaxis-analysis/171-

chemotaxis-and-migration-tool.html

gnuplot software (Graphs visualization) gnuplot http://www.gnuplot.info

Matplotlib (Jupyterlab Version 3.2.9) Matplotlib https://matplotlib.org/

Python software Python www.python.org

Other

Sanger Sequencing eurofins, Nuernberg, Germany

glass capillaries World Precision Instruments,

Friedberg, Germany

1.14 mm 3.50 0; 504949

Micropipette puller World Precision Instruments PUL-1000; WPI

MicroGrinder Narishige, Tokyo EG-401

Micro injector World Precision Instruments SMARTouch MICO02T

Organotypic cell culture inserts, Millicell 0,4mM, 30mm Merck Millipore PICM03050
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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, Bjoern Buchholz (bjoern.buchholz@uk-erlangen.de).
Materials availability

This 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. This paper does not report

original code. Any additional information required to reanalyse the data reported in this paper is available

from the lead contact, Bjoern Buchholz (bjoern.buchholz@uk-erlangen.de), upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

plMDCK cell culture

plMDCK cell clone was subcloned from the American Type Culture Collection (ATCC, Rockville, Md., USA;

catalogue no. CCL 34) MDCK cells, which originate from a healthy female cocker spaniel, and were ob-

tained at passage 62 (Buchholz et al., 2011). plMDCK cells were cultured up to passage 82 at 37�C, 21%
O2 and 5% CO2 in Dulbecco’s modified eagle medium supplemented with 2 mM L-glutamine, 10% heat-

inactivated fetal calf serum, 50U/L penicillin and 50U/l streptomycine.
Pkd1 mouse model

Animal experiments were approved by the local institutional review board and all animal experiments com-

plied with the with the United Kingdom Animals Act, 1986, and associated guidelines, EU Directive 2010/

63/EU for animal experiments. Experiments were approved by the local Ethics Committee of the Govern-

ment of Unterfranken/Wuerzburg (AZ: RUF 55.2.2-2532.2-853-13). Generation of mice with a tamoxifen-

inducible, kidney epithelium-specific Pkd1-deletion (KspCreERT2:Pkd1lox;lox) was described recently (Lan-

tinga-van Leeuwen et al., 2007). Mice were a kind gift from Prof. Dorien J.M. Peters (Department of Human

Genetics, Leiden University Medical Center, Leiden, TheNetherlands) and were crossed back into a C57BL/

6 background as described previously (Cabrita et al., 2020). Animals were hosted on a 12:12 h light:dark

cycle under constant temperature (24 G 1 �C) in standard cages. They were fed a standard diet with free

access to tap water.
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METHOD DETAILS

Generation of PC1-deficient plMDCK cells

Guide RNAs targeting Exon 2 of the Pkd1 gene were ligated with a pSpCas9(BB)-2A-puro-vector (PX459)

V2.0 from Addgene (ID 62988; Watertown, MA, USA). Guide RNA design was performed based on an

algorithm provided by the Zhang laboratory (http:/crispr.mit.edu/) (Figure S1). Then, 106 principal-like

MDCK-cells (passage 80-82) were transfected with 10mL polyethylenimine and 4 mg DNA and were subse-

quently seeded in 3.5 cm dishes. After incubation with puromycine (3.5 mg/mL), single cell clones were

generated by dilution. Genomic DNA of these single cell clones was isolated and the target region of

the guide RNA was amplified by PCR. For mutation screens, the following PCR products were analyzed

by polyacrylamide gel electrophoresis (PAGE). For analysis of clones of cells with putative indel mutations,

PCR products were cloned into a pGL3 vector (Promega, Madison, WI, USA) and analyzed via Sanger

Sequencing (eurofins, Nuernberg, Germany). Generated clones were then used at passages 7-15.

cAMP measurements

plMDCK cells were grown in a pre-coated assay capture plate (cAMP-Screen Direct System P/N 4412186;

Applied Biosystems, Foster City, CA, USA) in serum-freemedium. Cells were exposed to serum-free control me-

diumor controlmedium supplementedwith 10mM forskolin. cAMPmeasurements were performedby the use of

the GloMax-Multi Detection System (Promega, Fitchburg, Madison, USA) according to the manufacturer’s

protocol.

Immunoblotting

0.73 106 cells were seededwithin a 10 cmdish. After three days, mediumwas changed and 24 h later, cells were

resuspended and pelleted by centrifugation at 2500 rpm for 3 min. The supernatant was discarded and pellets

were resuspended in lysis buffer (25mMTris-HCl, 150mMNaCl, 100 mMdithiothreitol, 5.5%Nonident P-40, 5%

glycerol, 1mMEDTA, 1%protease inhibitor (cOmplete, Roche,Mannheim). After sonification and centrifugation

(14,000 g for 20min at 4�C), samples were separated within a 3–8% Tris-acetate gel. Gels underwent dry transfer

onto a PVDFmembrane.Membranes thenwereblockedby TBS supplementedwith 5%nonfat drymilk and 0.1%

Tween 20 (TBS-T). Incubation with primary PC1 antibodies (7e12, Santa Cruz) was performed overnight at 4�C
and was followed by incubation with horseradish peroxidase-conjugated secondary antibody. The membranes

were visualized via ECL Femto Substrate (ThermoFisher,Waltham,Massachusetts, USA) withAmersham Imager.

Cell migration assays

Cells were seeded in 2-well cell culture inserts on m-Slides 4-well (ibidi, Graefelfing, Germany). After 24 h,

cells were serum starved overnight and treated with or without forskolin (10mM). Time-lapse microscopy

was started 2 h after wounding. Every 5 min, seven microscope fields per well at a magnification of x20

were taken for 6 h. Images were taken with a BZ-9000 microscope with an incubation chamber (Keyence,

Osaka, Japan). For analyzing cell motility, movement of the cell nuclei was followed by using the

manual-tracking plugin from ImageJ. Cell paths were analyzed using the Chemotaxis and Migration

Tool Software (ibidi): Accumulated distance =
P

(distance(Tn+1-Tn)); n = 0; 70; Euclidean distance = distan-

ceT70 – distanceT0. Graphs were visualized using gnuplot software (http://www.gnuplot.info).

Cell polarity assays

Cells were seeded at low density with or without addition of 10mM forskolin (FSK), 100mMATP, 100 nMacriflavine

(ACF) (all Sigma-Aldrich, Taufkirchen, Germany) or 10mM prolyl hydroxylation 2-(1-chloro-4- hydroxyisoquino-

line-3-carboxamido) acetate (ICA) (kind gift from Prof. Nicolai Burzlaff, Department of Chemistry and Pharmacy,

University Erlangen-Nuernberg, Germany) and incubated for 48 h. Then, cells were fixated with paraformalde-

hyde (4%) and stainedwith DAPI (1:1000) for 1 h at 23 �C. Imageswere taken using anOlympus IX70microscope.

Then, cell nuclei stained by DAPI were transferred into a coordinate system by the use of ImageJ and the use of

‘‘Find Maxima’’ and ‘‘Center of mass’’. Subsequently, image analyses were performed in Java. Therefore, each

coordinate of the image was assigned to the closest cell nucleus center (= Voronoi interpolation) by

‘‘t$D_max$’’. Then, Voronoi interpolation was extended by restricting components to a maximum distance

‘‘$d_max$’’ from the center, defined as 17 mm, which is a common length of MDCK cells. Finally, adjacent Vor-

onoi combs were merged to a cluster. Heatmaps of cell centers were generated by Python software (www.

python.org/). Since the substances were dissolved in different concentrations of dimethyl sulfoxide (DMSO),

we tested for DMSO-dependent effects on cell arrangement and cluster formation in PC1-competent and

PC1-deficient cells. No DMSO-dependent effects were observed (Figure S10).
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In vitro cystogenesis/ tubulogenesis model

plMDCK cells were resuspended in type I collagen, plated in 24-well plates and incubated at 37�C for 1 h as

described previously. Then, medium supplemented with or without 10mM forskolin, 100mMATP, 10mM ICA

or 100 nM ACF was added and changed every 48 h. Images of four random visual fields per well were taken

in a blindedmanner at34magnification using a Zeiss Primo Vert microscope and a Zeiss Axiocam 105 cam-

era (Zeiss Microscopy GmbH, Jena, Germany) at day five.
Automated segmentation and measurements of in vitro cysts and tubules

Segmentation of all structures within the collagen matrix was performed by the use of use of Fiji Morpho-

logical Segmentation Plugin of MorphoLibJ (https://imagej.net/plugins/morpholibj). Then, cyst area was

set in ratio with tubular area. Cysts were regarded as spherical shaped bodies. Therefore, perimeter of de-

picted cysts was measured and cyst volume was calculated based on perimeter = 2pr and volume = 4/3pr3.
Micromanipulation of in vitro cysts

plMDCK cells were grown in type I collagen matrix in the presence of 10mM forskolin to form cysts within four

days. Then, micropuncture was performed by the use of glass capillaries (1.14 mm 3.50 0; World Precision Instru-

ments) which were pulled with a Micropipette puller (PUL-1000; WPI) and sharpened by the use of a

MicroGrinder EG-401 (Narishige, Tokyo, Japan). Then, glass capillaries were loaded with brilliant cresyl blue

(50 mg/mL PBS; Roth 5162.1) and puncture was performed with the help of a WPI SMARTouch MICO02Tmicro-

injector and a Leica S9D Stereo microscope. 1 nL of the blue dye was injected in every cyst in order to locate

them for live imaging. Live images were captured by a BZ-9000 microscope with an incubation chamber (Key-

ence).N= 47 punctured PC1-competent cysts from three individual experiments andn= 75 punctured PC1-defi-

cient cysts from four individual experiments were monitored for 70 h by capturing images every 20 min.
3D live imaging of spheroid movement

plMDCK spheroids were cultured for four days. Then, images were taken using a BZ-9000 microscope

(Keyence) every 60 min for a period of 48 h. For each condition, 10 spheroids were analyzed. Automated

image analysis was performed by Python Software. Image pre-processing included equalize_adapthist,

unsharp_mask, enhance_contrast, diameter_closing and remove_small_objects modules, Raster scanning

of the pre-processed images was performed to detect spheroid outlines. Their visualization and potential

blinded manual post-processing included the use of the poly-editor provided by the matplotlib library

(https://matplotlib.org).
Metanephric kidney model

Metanephric kidneys were dissected from KspCreERT2:Pkd1lox;lox mice at embryonic day 13.5 and cultured

on transparent organotypic cell culture inserts (Merck Millipore, PICM03050, Billerica, MA) with or without

addition of (Z)-4-hydroxytamoxifen (500 nM, H7904, Sigma-Aldrich) for five days as described previously

(Kraus et al., 2016b). Male and female kidneys were used in the experiments. No sex-related differences

were noticeable. After 24 h, medium was changed and supplemented with or without 10 mM forskolin.

Then, medium was changed again 48 h later. Kidneys were fixated in 4% paraformaldehyde. Thereafter,

three kidneys per condition were stained for E-Cadherin and a total of 30 tubules per condition with a

mean of 10 cells per tubule were analyzed according to their angular deviation in relation to the longitudi-

nal tubular axis determined by ImageJ. Therefore, the angle between the longest axis of each cell obtained

by determination of the maximum diameter and the longitudinal axis of the tubule were calculated in a

blindedmanner using ImageJ software. An angle of 90� was used as reference which was the typical finding

in control and untreated renal tubules. For statistical analysis, number of deviation of angles %15� were

compared with the number of deviations >15� and analyzed by the use of Fisher exact test.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressedasmeanG SEM.Differences amonggroupswereanalyzedusingone-wayANOVA, followed

by a Bonferroni test for multiple comparisons. An unpaired t-test was applied to compare the differences be-

tween two groups. Wilcoxon signed-rank test for columns statistics was used for relative values. Two-sided

Fisher’s exact test was used to analyze categorical data. p < 0.05 was considered statistically significant.
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