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Abstract

Congenital hepatic fibrosis (CHF), a genetic cholangiopathy characterized by fibropolycystic 

changes in the biliary tree, is caused by mutations in the PKHD1 gene, leading to defective 

fibrocystin (FPC), changes in planar cell polarity (PCP) and increased β-catenin-dependent 

chemokine secretion. In this study, we aimed at understanding the role of Scribble (a protein 

involved in PCP), YAP and β-catenin in the regulation of the fibroinflammatory phenotype of 

FPC-defective cholangiocytes. Immunohistochemistry showed that compared with WT mice, in 

FPC-defective (Pkhd1del4/del4) mice nuclear expression of YAP/TAZ in cystic cholangiocytes, 

significantly increased and correlated with CTGF expression and pericystic fibrosis, while 

Scribble expression on biliary cyst cells was markedly decreased. Cholangiocytes isolated from 

WT mice showed intense Scribble immunoreactivity at the membrane, but minimal nuclear 

expression of YAP, which conversely increased, together with CTGF, after siRNA silencing of 

Scribble. In FPC-defective cholangiocytes, inhibition of YAP nuclear import reduced β-catenin 

nuclear expression, and CTGF, integrin β6, CXCL1, and CXCL10 mRNA levels, whereas 

inhibition of β-catenin signalling did not affect nuclear translocation of YAP. Notably, siRNA 

silencing of Scribble and YAP in WT cholangiocytes mimics the fibroinflammatory changes of 
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FPC-defective cholangiocytes. Conditional deletion of β-catenin in Pkhd1del4/del4 mice reduced 

cyst growth, inflammation and fibrosis, without affecting YAP nuclear expression. In conclusion, 

the defective anchor of Scribble to the membrane facilitates the nuclear translocation of YAP 

and β-catenin with gain of a fibroinflammatory phenotype. The Scribble/YAP/β-catenin axis 

is a critical factor in the sequence of events linking the genetic defect to fibrocystic trait of 

cholangiocytes in CHF.
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INTRODUCTION

Fibropolycystic liver diseases are a group of developmental cholangiopathies that include 

congenital hepatic fibrosis (CHF) and Caroli disease (CD), two disorders with autosomal 

recessive inheritance and characterized by saccular cyst-like biliary structures, accompanied 

by a robust inflammatory infiltrate preeminently with peribiliary localization (1). CHF/CD 

are diagnosed more frequently in adolescents or young adults, and their progression leads to 

portal hypertension, and variceal bleeding, eventually needing a liver transplant. Some cases 

may eventually develop cholangiocarcinoma (2,3). To date no pharmacological therapy 

is available to effectively treat these rare conditions that remain an unresolved issue for 

pediatricians and hepatologists.

Fibropolycystic cholangiopathies are caused by mutations in the polycystic kidney and 
hepatic disease1 (PKHD1) gene, located on chromosome 6p21.1-p12 (4). Its gene product, 

fibrocystin/polyductin (FPC), is a large membrane protein expressed on the primary cilium, 

basal bodies, and tight/adherent junctions of ductal epithelial cells, including cholangiocytes. 

The role of fibrocystin is not completely understood, but it appears to be crucial in cell 

differentiation of ductal epithelia, as its loss of function causes malformations of the ductal 

plates (5). As recently shown, FPC function is needed also in adult life (6).

The pathobiology of CHF is not well understood, however, recent studies in orthologous 

mouse models of CHF have shown that FPC-defective cholangiocytes present several 

signaling defects (7–9). Among these, an increased transcriptional activity of β-catenin leads 

to the secretion of chemokine (C-X-C motif) ligand (CXCL)1, CXCL10, and CXCL12, 

involved in the recruitment of inflammatory cells, along with integrin β6, the local activator 

of transforming growth factor (TGF)-β1 leading to peri-cystic fibrogenesis (10).

The hypothesis behind our study is that increased β-catenin signaling may be secondary 

to changes in YAP/TAZ signaling. Yes-associated protein (YAP) and its companion 

transcriptional coactivator with PDZ-binding motif (TAZ) are components of the β-catenin 

destruction complex (11). The YAP/TAZ complex is usually bound to the β-catenin 

destruction complex in a phosphorylated, inactive form (11). This complex is maintained 

docked at the cell-cell junctions by Scribble, a membrane protein that is involved in the 

maintenance of the planar cell polarity (PCP) of ductal epithelia (12,13). Once Scribble 

disaggregates from its anchor site, YAP can be dephosphorylated and translocated together 
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with TAZ to the nucleus. YAP and TAZ, when imported into the nucleus act as transcription 

factors mediating the signal transduction of Hippo pathway, an evolutionary conserved 

signal cascade supervising several physiological and pathological cellular responses (14). 

Upon entering the nucleus, YAP binds to its transcriptional enhanced associate domains 

(TEAD1–4) to unfold a transcriptional program. It has been proposed that YAP/TAZ, by 

detaching from the β-catenin destruction complex, block the degradation of β-catenin that 

then accumulates in the cytoplasm, translocate into the nucleus, and binds to the T-cell 

factor/lymphoid enhancer factor (TCF/LEF) family members to become transcriptionally 

active (14).

Starting from these observations, we aimed at investigating if a crosstalk between 

Scribble, YAP/TAZ and β-catenin, promotes the pro-inflammatory and pro-fibrotic epithelial 

phenotype typical of FPC-deficiency. We also tested if pharmacological or genetic 

manipulation of the Scribble/YAP/β-catenin axis results in a reduction of secreted mediators 

relevant for inflammatory cell recruitment and fibrosis deposition.

MATERIALS AND METHODS

Isolation, characterization, culture and treatment of cholangiocytes.

Mouse cholangiocytes were isolated from Pkhd1del4/del4 and wild type (WT) mice at 3 

months of age and cultured as previously described (10).

The culture medium was composed by Dulbecco’s Modified Eagle Medium/Ham’s F12 

supplemented with fetal bovine serum (10%), MEM nonessential amino acids solution 

(1%), MEM vitamin solution (1%), insulin-transferrin-selenium-x (1%), chemically defined 

lipid concentrate (1%), soybean trypsin inhibitor (50μg/ml), l-glutamine (1%), penicillin/

streptomycin (1%), gentamycin (0,5%), dexamethasone (393μg/ml, Sigma-Aldrich, St. 

Louis, MO, USA), triiodothyronine (3,4mg/ml, Sigma-Aldrich, St. Louis, MO, USA), EGF 

(25μg/ml, Sigma-Aldrich, St. Louis, MO, USA), and forskolin (10uM, Sigma-Aldrich, St. 

Louis, MO, USA), all supplied by ThermoFisher Scientific (Waltham, MA, USA), unless 

otherwise indicated. Cells were cultured in flasks or multiwells precoated with rat-tail 

collagen. Pkhd1del4/del4 cholangiocytes were treated with inhibitors of YAP nuclear import 

Dobutamine (Dob, 20μM, 24h; Sigma-Aldrich, St. Louis, MO, USA) (15), Y27632 (Y, 

10μM, 24h; Sigma-Aldrich, St. Louis, MO, USA) (16), Latrunculin A (Lat A, 1μM, 1h; 

Santa Cruz Biotechnology, Dallas, TX, USA) (17), and with Verteporfin (VP, 20μM, 24h; 

ForLab, Bruxelles, Belgium) (18), an inhibitor of YAP transcriptional activity. IGC-001 

(25μM, 24h; Sigma-Aldrich, St. Louis, MO, USA) (10) was used to block β-catenin 

transcriptional activity.

Animal model.

We used the Pkhd1del4/del4 mouse (a kind gift from S. Somlo, Yale University, New Haven, 

CT), an orthologue model of the human CHF (19). Pkhd1del4/del4 mice were generated on a 

mixed C57BL6/129Sv background, harboring an inactivating deletion in the exon 4 of the 

Pkhd1 gene (orthologous of the human PKHD1), while WT littermates of the same genetic 

background served as controls. To generate Pkhd1/β-catenin liver specific double KO mice 
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we crossed Pkhd1del4/del4 mice with AlbCre mice (B6.FVB(129)-Tg(Alb1-cre)1Dlr/J) and 

β-cateninfl/fl (B6.129-Ctnnb1tm2Kem/KnwJ) that were obtained from Jackson Laboratories 

(Bar Harbor, ME, USA). All mice were maintained at the Yale Animal Resources Center 

and used according to a protocol approved by the Yale University Institutional Animal 

Care and Use Committee (IACUC) and the Office of Animal Research Support (OARS) 

of Yale University. After mouse sacrifice, liver tissue was harvested, fixed in formalin, and 

embedded in paraffin.

Human tissues samples of CHF and control livers.

Formalin-fixed, paraffin-embedded de-identified archival tissue specimens of CHF patients 

obtained from liver transplant explants (n=2) or liver resection (n=1) were used for the 

immunohistochemical study. As controls (normal liver, NL), wedge biopsies from liver 

grafts implanted for liver transplant (n=5) were used. All specimens were reviewed by a 

pathologist (AS) to confirm the diagnosis of CHF.

Immunohistochemistry.

The expression of YAP (Cell Signaling, Danvers, MA, USA), TAZ (Sigma-Aldrich, 

St. Louis, MO, USA), K19 (Hybridoma Bank University of Iowa, USA), Scribble, 

connective tissue growth factor (CTGF) (both Santa Cruz Biotechnology, Dallas, TX, 

USA), β-catenin and CD45 (both BD Pharmingen, San Diego, CA, USA) were assessed 

by immunohistochemistry in formalin-fixed paraffin-embedded specimens. Briefly, after 

deparaffinization using xylene, sections were rehydrated in absolute ethanol (all from 

Carlo Erba, Cornaredo, Italy) and then washed in tap water; endogenous peroxidase 

activity was quenched incubating slides with methanol containing 10% H2O2 (Carlo Erba, 

Cornaredo, Italy) for 15mins. Following the proper antigen retrieval (see Supplementary 

Table 1), unspecific binding was blocked using UltraVision protein block (ThermoFisher 

Scientific, Waltham, MA, USA) for 8mins. The sections were then incubated overnight 

at 4°C with primary antibodies diluted in phosphate-buffered saline (PBS) + BSA 

1% (Sigma-Aldrich, St. Louis, MO, USA) (see Supplementary Table 1). After rinsing 

with PBS 1M supplemented with 0.05% Tween20 (PBS-T; both Sigma-Aldrich, St. 

Louis, MO, USA), slides were incubated for 30mins at room temperature with 

the specific horseradish peroxidase (HRP)-conjugated secondary antibody (EnVision, 

Agilent Technologies, Santa Clara, CA, USA). Specimens were developed using 3,3-

diaminobenzedine tetrahydrochloride (DAB, Abcam, Cambridge, UK), counterstained with 

Gill’s Hematoxylin N°2 (Sigma-Aldrich, St. Louis, MO, USA), and mounted using EuKitt 

(Bio-Optica, Milan, Italy).

Histochemical staining for Sirius Red.

Following deparaffinization and hydration, as above described, sections were placed for 

2mins in 0.2% phosphomolybdic acid, rinsed in tap water and then incubated for 60mins 

in 0.1% Sirius red (Direct Red 80) in saturated picric acid pH 2.0 (all from Sigma-Aldrich, 

St. Louis, MO, USA). Sections were then rinsed in 0.5% glacial acetic acid (Carlo Erba, 

Cornaredo, Italy) and then dehydrated and mounted using EuKitt (Bio-Optica, Milan, Italy).
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Analysis of nYAP, nTAZ, Sirius Red, and CTGF expression.

Following immunostaining, nuclear expression of YAP (nYAP), and TAZ (nTAZ) was 

assessed in four samples of Pkhd1del4/del4 mice for each age (1, 3, 6, 9 and 12 months) 

and in 6-month-old WT mice. Five randomly taken micrographs at 10x were collected from 

each sample using Eclipse E800 microscope equipped with a cooled DS-U1 digital camera 

and then analyzed using LuciaG 5.0 software (all from Nikon Instruments, Campi Bisenzio, 

Italy). The nuclei positive for YAP and TAZ in biliary structures (ducts and cysts) were 

counted and expressed as percentage of positive nuclei over the total count of nuclei of the 

biliary structures. Extent of CTGF, K19, CD45 and Sirius Red were evaluated by ImageJ in 

five-ten randomly taken micrographs at 10x or a whole lobule at 4x for K19, and calculated 

as percentage of pixels above the threshold value with respect to the total pixels per field, 

and normalized on cyst area.

Western blotting (WB) for total cell lysate and for nuclear/cytoplasmic fraction.

By WB, we assessed the expression of YAP (Cell Signaling, Danvers, MA, USA), TAZ 

(Sigma-Aldrich, St. Louis, MO, USA), CTGF (Santa Cruz Biotechnology, Dallas, TX, 

USA), β-catenin (BD Pharmingen, San Diego, CA, USA) and Scribble (Bio-Techne, 

Abingdon, UK) in total lysate or cellular fractions (nucleus/cytoplasm) of Pkhd1del4/del4 

and WT cholangiocytes. Nuclear/cytoplasmic fractions were obtained using the Ne-Per kit 

(ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer protocol, whilst 

total cell lysate using Cell-Lytic (Sigma-Aldrich, St. Louis, MO, USA). Equal amounts 

of proteins were mixed with 4–12% NuPAGE Sodium Dodecyl Sulphate (SDS) sample 

buffer and electrophoresed on a 4–12% SDS-PAGE precast gel. Proteins were transferred 

to nitrocellulose 0.4μm pore-size membrane (all from ThermoFisher Scientific, Waltham, 

MA, USA). Membranes were incubated with 5% dry milk in Tris-buffered saline (TBS) 

containing 0.1% Tween 20 (Euroclone, Pero, Italy) (TBST) for 1h at room temperature to 

block all the non-specific sites. After blocking, blots were incubated overnight at 4°C with 

the specific primary antibodies, all diluted in TBST + milk 5% (see Supplementary Table 

1). Actin, histone 3H (Sigma-Aldrich, St. Louis, MO, USA), or Na/K ATPase (Abcam, 

Cambridge, UK) were used as normalizing proteins. Nitrocellulose membranes were washed 

with PBST and then incubated for 1h at room temperature with anti-rabbit and anti-mouse 

secondary antibodies (1:2000, Sigma-Aldrich, St. Louis, MO, USA), diluted in TBST + milk 

5%. Enhanced chemiluminescence was used to visualize proteins (ECL West Pico or Dura, 

Euroclone, Pero, Italy). The intensity of the band was quantified using ImageJ program.

Immunofluorescence and relative fluorescence analysis (RFA).

Cells were plated on 20mm coverslips coated with rat-tail collagen: Pkhd1del4/del4 or WT 

mouse cholangiocytes were seeded at 20.000 cells/insert. After adhesion, Pkhd1del4/del4 

cholangiocytes were treated with the YAP inhibitors, Dob, Y, Lat A, and VP, or with siRNAs 

against Scribble. After fixation with paraformaldehyde 4% (PFA) for 15mins at room 

temperature, cells were washed with PBS 1x. Cells were permeabilized for 10mins in PBS/

TritonX-100 0.1%, unspecific binding sites were blocked with UltraVision Protein Block 

(ThermoFisher Scientific, Waltham, MA, USA,) for 10mins at room temperature (RT) and 

then incubated overnight at 4°C with the primary antibodies for YAP, TAZ, K19 (specific 
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biliary marker), ZO-1 (marker of tight junctions) (ThermoFisher Scientific, Waltham, MA, 

USA), and Scribble (Santa Cruz Biotechnology, Dallas, TX, USA) (see Supplementary 

Table 1). Cells were then incubated with the proper secondary antibody for 45mins at 

room temperature (Alexa Flour 594 or Alexa Fluor 488 (1:500; ThermoFisher Scientific, 

Waltham, MA, USA), and mounted using Vectashield supplemented with 4’,6-diamidino-2-

phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA). RFA analysis was 

performed by taking random pictures at 200x for each well using an Eclipse E800 

microscope. For each picture, the intensity of nuclear YAP and TAZ was evaluated in 10 

nuclei: the fluorescence channels were separated and the peak of red signal (YAP/TAZ) in 

the nucleus (blue signal) was analyzed twice by LuciaG 5.0 software (20,21).

Silencing of Scribble.

Gene silencing of Scribble was performed using commercially available specific siRNAs 

and scramble RNA served as control (both Santa Cruz Biotechnology, Dallas, TX, USA 

Biotechnology). After plating, WT mouse cells were transfected using 33nM of siRNA and 

Lipofectamine 2000 transfection reagent (ThermoFisher Scientific, Waltham, MA, USA) 

and analyzed after 48 hours. Successful silencing of Scribble was confirmed by WB and 

immunofluorescence.

Gene expression assessment by Real-Time PCR (RT-PCR).

Total RNA was isolated from Pkhd1del4/del4 cholangiocytes treated with the above-described 

YAP inhibitors and compared with WT cholangiocytes as controls, using Trizol reagent and 

quantified by Nanodrop 1000’ spectrometer. One-μg RNA was converted into cDNA using 

a high capacity cDNA reverse transcription kit; 50ng of cDNA was used to perform real 

time PCR experiments using TaqMan probes for CTGF, CXCL1, CXCL10, and β6 integrin 

subunit. Data were normalized using GAPDH as housekeeping gene and analyzed using the 

ΔCt method. All reagents were supplied by ThermoFisher Scientific, Waltham, MA, USA.

Statistical analysis.

Results were shown as mean ± standard deviation (SD). Statistical comparisons were made 

using Student’s t-test or one-way ANOVA analysis with Tukey’s multiple comparison test, 

where appropriate. Correlation analysis were performed using the Pearson’s correlation 

coefficient. Statistical analyses were performed using PRISM 9 (GraphPad Software, La 

Jolla, CA, USA). A 2-tailed p value <0.05 was considered significant.

RESULTS

In Pkhd1del4/del4 mice, nuclear expression of YAP and TAZ in biliary structures increases 
over time, whilst that of Scribble is down-regulated.

Consistent with a prior report by Jiang and coll. in the PCK rat model of CHF (22), 

immunohistochemistry showed that nuclear expression of nYAP and nTAZ were increased 

in the biliary cysts and microhamartomas of Pkhd1del4/del4 mice. By comparing liver 

sections from Pkhd1del4/del4 mice at different ages with liver samples from a 6-month-old 

WT mouse, we observed that both nYAP and nTAZ (Figure 1A,B) increased in a time-

dependent fashion in mutated mice. This increase was significant since the earliest age (1 
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month) with respect to WT, where both nYAP and nTAZ resulted nearly negative. On the 

other hand, the membrane expression of Scribble was positive in WT mice but was absent 

in biliary cysts and microhamartomas since the earliest maturation age (Figure 1A). These 

findings were reproduced in human archival biopsies of CHF and NL where membrane 

expression of Scribble resulted uneven or absent in biliary lesions of CHF, in contrast 

with normal bile ducts (Supplementary Figure 1). Moreover, biliary expression of both 

nYAP and nTAZ was strongly increased in samples of fibropolycystic disease, whilst it was 

substantially absent in controls (Supplementary Figure 1). These results indicate that the 

Scribble/YAP axis is perturbed in CHF.

In Pkhd1del4/del4 mice, nYAP expression correlates with CTGF expression and fibrosis 
deposition.

CTGF is a matricellular protein endowed with strong fibrogenic functions due to its ability 

to interact with extracellular matrix components (fibronectin), cell surface glycoprotein 

receptors (integrins), and growth factors (TGFβ1). CTGF expression is a known downstream 

effector of YAP signaling (23–26) and therefore is considered a readout of YAP activation. 

In the Pkhd1del4/del4 mouse, we observed a significant increase in the expression of CTGF, 

which correlated with the extent of fibrosis as measured by Sirius red, whereas it was 

negative in WT livers (Figure 2A–C). Of note, expression of both nYAP and nTAZ 

correlated with that of CTGF, and with the extension of the liver fibrosis evaluated by 

Sirius Red (Figure 2C). These data suggest that YAP signaling is functionally relevant in the 

fibrotic progression of the disease, and that CTGF can be one of the mediators of this effect.

Expression of nYAP is up-regulated in cultured Pkhd1del4/del4 cholangiocytes and its 
nuclear translocation was inhibited by dobutamine, latrunculin A, and Y27632.

To further investigate the significance of YAP and TAZ nuclearization, we studied 

their nuclear-cytoplasmic shuttling by RFA (Figure 3A) in cholangiocytes isolated from 

Pkhd1del4/del4 and WT mice (20,21). We found that expression of both nYAP and nTAZ 

was up-regulated in Pkhd1del4/del4 cholangiocytes, compared with WT (Figure 3B–E, 

and Supplementary Figure 2 and 3). Up-regulation of nYAP and nTAZ in Pkhd1del4/del4 

cholangiocytes were also confirmed by WB analysis in isolated nuclear fractions (Figure 

4B,C). Then, to dissect the mechanisms directing YAP and TAZ into the nucleus we used 

inhibitors able to interfere with their functions at different levels. Dobutamine (Dob), a 

synthetic agonist of β1-adrenergic receptors (27), inhibits YAP nuclear translocation through 

phosphorylation at the Ser127 residue, promoting its cytoplasmic retention (15). Y-27632 

(Y), targeting Rho kinases, inhibits YAP nuclear access (28). Latrunculin A (Lat A) inhibits 

YAP nuclear entry, affecting F-actin polymerization and inducing cytoskeleton distress (17). 

VP acts instead as a pure inhibitor of YAP transcriptional activity by preventing YAP-TEAD 

binding, without affecting cytoskeleton dynamics (29,30). Consistent with the above, nYAP 

expression was significantly reduced by Dob, Y, and Lat A, but not by VP in Pkhd1del4/del4 

cholangiocytes (Figure 3B–E, and Supplementary Figure 2 and 3). In keeping with the 

in-vivo data, these in-vitro findings suggest that increased nuclear import of YAP is a 

key feature of FPC-mutated cholangiocytes and is regulated by a cytoskeleton-dependent 

mechanism (lack of effect with VP).
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YAP modulated nuclear expression of β-catenin in Pkhd1del4/del4 cholangiocytes.

Previous evidence indicate that nuclear translocation of YAP is an essential step of β-catenin 

migration into the nucleus, and a pre-requisite for its transcriptional activation (29). To test if 

this mechanism fits our model, we analyzed the effects of inhibitors of YAP nuclear import 

(Dob, Lat A, and Y) on β-catenin expression in Pkhd1del4/del4 cholangiocytes. Consistent 

with the proposed working model, treatment with Dob and Y markedly reduced the nuclear 

expression of β-catenin (Figure 4A). Lat A treatment did not block β-catenin nuclear 

accumulation suggesting, that the actin cytoskeleton plays a differential role in the nuclear 

localization of the protein (31,32). On the other hand, β-catenin inhibition by ICG-001 had 

no effect on the nuclear localization of both YAP and TAZ (Figure 4B,C), consistent with 

YAP/TAZ driving β-catenin nuclearization, and not vice versa.

Scribble expression is reduced in Pkhd1del4/del4 cholangiocytes also in-vitro.

Recent evidence showed that Scribble, a protein involved in PCP could modulate the Hippo 

pathway, and its absence, in Zebrafish, induced the formation of cyst-like lesion in the 

kidney (33). In contrast with WT cholangiocytes that, when double stained for Scribble 

and the tight junction marker ZO-1 showed a clear co-localization of the two proteins 

(Figure 5A), cholangiocytes isolated from Pkhd1del4/del4 mice showed a much weaker 

membrane expression of Scribble in the context of a dysmorphic cell morphology (Figure 

5A). Similarly, WB analysis of Scribble from cultured cells confirmed a reduced expression 

of the protein on membrane fractions (Figure 5B). In addition, real time PCR data, showed 

a significant downregulation of Scribble gene expression in Pkhd1del4/del4 cholangiocytes 

(Supplementary Figure 4A).

To address the role of Scribble in YAP and TAZ nuclearization, we performed gene silencing 

in WT cells. The efficacy of Scribble inhibition by specific siRNAs was confirmed by 

IF and WB analysis of Scribble expression (Figure 5C, Supplementary Figure 4B and 

Supplementary Figure 5). Gene silencing of Scribble resulted in a concomitant significant 

increase in the nuclearization of YAP and TAZ (Figure 5C), consistent with the hypothesis 

that YAP/TAZ nuclearization is modulated by the presence of Scribble at the membrane. 

Interestingly, Scribble silencing resulted in a disarrangement of phalloidin-decorated actin 

microfilaments, further explaining the acquisition of a dysmorphic cell shape (Figure 

5C, and Supplementary Figure 5) and consistent with the recognized role of Scribble in 

maintaining cell polarity. Notably, YAP nuclear shuttling induced by silencing of Scribble 

in WT cells was associated with its transcriptional activity, as shown by the up-regulated 

expression of CTGF (Figure 5D). Furthermore, silencing of Scribble induces a significant 

increase in nuclearization of β-catenin, consistent with our model (Figure 5E).

Manipulation of nYAP and Scribble modulates the fibroinflammatory phenotype of 
Pkhd1del4/del4 and WT cholangiocytes.

To confirm the relevance of the Scribble/YAP/β-catenin axis in determining the 

fibroinflammatory phenotype of Pkhd1del4/del4 cholangiocytes, we first tested the effects 

of YAP inhibitors on gene expression of a range of pro-infiammatory/fibrogenic mediators. 

In addition to CTGF, we evaluated CXCL1 and CXCL10, two chemokines previously shown 

to stimulate peribiliary macrophage infiltration, and αVβ6 integrin, the local activator of 
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latent TGFβ, previously shown to be up-regulated in cystic cholangiocytes in the same 

model and under the control of β-catenin (10). As shown in Figure 6A, upon treatment 

with YAP inhibitors (Dob, Lat A, Y, and VP), gene expression of CTGF, CXCL1, CXCL10 

and β6 integrin, were significantly reduced in Pkhd1del4/del4 cholangiocytes. Consistent with 

the above, a significant up-regulation of CTGF, CXCL10 and β6 integrin was observed in 

WT cells silenced for Scribble, (Figure 6B), further supporting the key role of Scribble in 

shaping the fibroinflammatory phenotype of cholangiocytes.

β-catenin deletion reduces the extent of disease in Pkhd1del4/del4 mice.

Previous studies in Pkhd1del4/del4 mice (10) and in-vitro results show that the transcriptional 

activity of β-catenin is the nodal point that mediates the fibroinflammatory response 

in CHF. The dysregulation of Scribble and the consequent nuclearization of YAP are 

prodromal to the transcriptional action of β-catenin and the secretion of chemokines 

able to recruit inflammatory cells around the cysts. To obtain further evidence of the 

role of β-catenin in the development and progression of CHF, we created Pkhd1del4/del4/
Alb-Cre+Ctnnb1flox/flox double KO mice, i.e. Pkhd1del4/de4 mice with specific deletion 

of β-catenin in the liver under the control of the albumin promoter. The efficiency of 

β-catenin deletion in cholangiocytes was confirmed by immunostaining, which showed 

β-catenin negativity in all cystic biliary structures and hepatocytes (Figure 7A). Notably, 

the larger bile ducts in the perihilar area, as well as the gallbladder epithelium still 

expressed β-catenin, as they do not activate the albumin-Cre promoter in keeping with 

their embryonic origin from the caudal part of the hepatic diverticulum (Supplementary 

Figure 6) (34). Hence, liver tissue in proximity of the peri-hilar area was excluded from 

the morphometric analysis. Consistent with our hypothesis, genetic deletion of β-catenin 

resulted in a significant reduction in the cystic area (40%) and in the extent of fibrosis (35%) 

in Pkhd1del4/del4/Alb-Cre+Ctnnb flox/flox mice with respect to Pkhd1del4/de4 mice (Figure 

7B,C). Peribiliary inflammatory cells were also reduced, as β-catenin deletion caused a 

40% reduction in the inflammatory infiltrate (measured as CD45+ area) in Pkhd1del4/del4/

Alb-Cre+Ctnnb1flox/flox mice with respect to Pkhd1del4/del4 mice (Figure 7D). We cannot 

exclude that the changes in fibrosis and inflammatory infiltrate may be secondary to a 

reduced cystic burden, however, these results confirm the fundamental role of activated 

β-catenin signaling in the progression of the disease in CHF. Of note, nuclear expression 

of nYAP in Pkhd1del4/del4/Alb-Cre+Ctnnb1flox/flox was not affected, consistent with the 

hypothesis that YAP is instrumental for β-catenin nuclear import, but not vice versa (Figure 

7A).

DISCUSSION

CHF represents a unique disease model in which genetically determined perturbations 

of cholangiocyte intracellular signaling are responsible for a proinflammatory/profibrotic 

epithelial phenotype, architectural changes, chronic inflammation and marked fibrogenesis 

(3,10). In this study, we show that FPC deficiency is associated with mis-localization and 

down-regulation of Scribble, increased nuclear import of both YAP and TAZ, and activation 

of β-catenin signaling, that results in increased expression of CTGF, CXCL1, CXCL10, and 

β6 integrin, the fundamental mediators of peribiliary inflammation and fibrosis in CHF (10).
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Prior studies in the PKC rat model identified defects in cAMP and in Ca2+ signaling 

and in the PKA/RAF/ERK1/2 pathways (35). These observations explain the increased 

proliferation of cystic cholangiocytes, but do not easily account for the extensive peribiliary 

fibrotic response typical of fibropolycystic diseases. Our previous observations generated 

in an orthologous mouse model characterized by a deletion of exon 4 in the Pkhd1 gene 

(Pkhd1del4/del4 mouse) (19), showed that increased β-catenin signaling and production 

of pro-inflammatory mediators (i.e. CXCL1 and CXCL10), along with integrin αvβ6 up-

regulation, are part of a repertoire of changes observed in FCP-defective cholangiocytes, 

resulting in increased recruitment of macrophages and fibroblasts (10). Studies from Jinag 

et al., (22) reporting an increased nuclear expression of YAP in biliary lesions of PKC rats, 

lead us to hypothesize a relationship between increased nuclear translocation of YAP/TAZ 

and the increased β-catenin signaling.

Recent studies suggested a cross talk between β-catenin and YAP/TAZ signaling (11,29). 

YAP and TAZ, the main effectors of the Hippo pathway, participate to the destruction 

complex that is responsible for the cytoplasmic degradation of β-catenin (11,29). 

Detachment of YAP from the destruction machinery and its transport into the nucleus 

prevents β-catenin inactivation, allowing β-catenin to translocate into the nucleus and 

to become transcriptionally active after interacting with TCF/LEF. A similar cooperation 

between YAP/TAZ and β-catenin has been shown to drive cell proliferation and invasion in 

breast cancer (36).

We therefore assessed the expression of YAP/TAZ in biliary lesions of both mouse and 

human liver samples and correlated the nuclear expression of YAP/TAZ with the expression 

of CTGF and with the deposition of pericystic fibrosis. In the Pkhd1del4/del4 mouse, nuclear 

expression of YAP (nYAP) and TAZ (nTAZ) in biliary structures progressively increased in 

a time-dependent fashion, beginning with the earliest stages. Notably, in sections of human 

normal livers, expression of nYAP and nTAZ in biliary structures was weak, while it became 

intense and diffuse in the biliary cysts embedded in the large fibrotic areas in sections of 

CHF livers (Figure 1A and supplementary figure 1).

As readout of YAP/TAZ activation, we studied the expression of CTGF, a matricellular 

protein that plays several functions relevant to fibrogenesis and is increased in fibrotic livers 

(37). On the contrary to WT, Pkhd1del4/del4 mice showed a time-dependent increase in the 

expression of CTGF that significantly correlated with the extent of fibrosis. Indeed, nYAP 

and nTAZ expression directly correlated with both CTGF expression and fibrosis.

Earlier studies in ARPKD (the kidney phenotype of fibropolycystic cholangiopathies) 

provided evidence for an altered planar cell polarity (PCP) signaling in ductal epithelia 

(38,39). PCP confers to cells the ability to align in the plane of the tissue, a property 

essential in ductal morphogenesis. This process involves the cooperation of different 

pathways including non-canonical WNT/β-catenin and multiple proteins expressed at 

the cellular junctions (39). Among these, Scribble, a tight junction-associated protein 

responsible for maintaining the planar configuration of ductal epithelia, has been shown to 

modulate the activation of the Hippo pathway in Zebrafish (33,40). Scribble is bound to the 

cell membrane where it maintains the YAP/TAZ complex in a phosphorylated and inactive 

Fabris et al. Page 10

FASEB J. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



state. When Scribble detaches from the cell membrane, it allows YAP to dephosphorylate 

and to become activated (33). Therefore, we assessed the expression of Scribble together 

with that of YAP/TAZ in biliary lesions of both mouse and human liver samples. In WT 

livers, Scribble was expressed by normal bile ducts with a membranous pattern that was 

instead negligible in Pkhd1del4/del4 mice and accompanied by increased nuclear expression 

of YAP (nYAP) and TAZ (nTAZ) on cystic structures. A similar pattern of expression was 

confirmed in NL and CHF livers.

To understand the mechanistic connection between Scribble, YAP/TAZ and β-catenin, 

and their relationship with the pro-inflammatory secretory phenotype of FPC-defective 

cholangiocytes, we studied cultured cholangiocytes obtained from 3-month old 

Pkhd1del4/del4 mice and compared them with cholangiocytes isolated from WT mice of 

the same age. We confirmed the constitutive aberrant expression of both transcription factors 

in the nucleus of Pkhd1del4/del4 cholangiocytes by either WB analysis in cell fractions 

or immunofluorescence. As expected, YAP and TAZ nuclear expression was inhibited by 

Dob, Lat A, and Y, but not by VP, which unlike the other compounds, inhibits YAP/TAZ 

transcriptional activity by preventing the connection with TEADs but not their nuclear 

shuttling.

We next evaluated the nuclear expression of β-catenin before and after inhibition of YAP 

nuclear translocation and transcriptional activation in Pkhd1del4/del4 cholangiocytes. In 

contrast with VP (transcriptional inhibitor), Dob and Y treatments blunted β-catenin nuclear 

expression in cultured Pkhd1del4/del4 cholangiocytes, thus indicating that the modulatory 

effect of YAP on β-catenin relies on its nuclear translocation and not on its interaction with 

TEAD. On the other hand, inhibition of β-catenin by ICG-001 (41), did not affect nuclear 

expression of both YAP and TAZ. These data are in line with a previous study (11,42), but 

at variance with other observations reporting a positive loop in which YAP nuclearization 

stimulates β-catenin activation that, in turn, further enhances YAP nuclearization (43). This 

discrepancy may indicate that there is a close interplay between YAP and β-catenin, but 

the directionality is tissue and cell-dependent. In fact, consistent with our in-vitro data, in 

mice double KO for PKHD1 and β-catenin (Pkhd1del4/del4/Alb-Cre+Ctnnb1flox/flox), nuclear 

expression of nYAP was preserved.

The functional relevance of the relationship of YAP with β-catenin in FPC-defective 

cholangiocytes was analyzed by assessing the expression of CTGF and integrin βv6, 

together with that of the pro-inflammatory chemokines CXCL1 and CXCL10 (10), upon 

treatment with the abovementioned inhibitors. Consistent with our hypothesis, Pkhd1del4/del4 

cholangiocytes showed a significant decrease in CTGF expression once challenged with all 

YAP inhibitors. A similar reduction was obtained for integrin β6 that was more pronounced 

with Lat A, Y and VP, with levels comparable to WT cells.

By comparing cholangiocytes isolated from Pkhd1del4/del4 and WT mice, we confirmed that 

the membranous expression of Scribble was strongly reduced in Pkhd1del4/del4 cells, as it 

was its gene expression. Furthermore, silencing Scribble in WT cholangiocytes induced 

a significant increase in nYAP and nTAZ levels, and of β-catenin, in association with 

up-regulation of CTGF expression, consistent with a direct relationship of Scribble with 
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nYAP/nTAZ. Silencing Scribble in WT cholangiocytes also increased gene expression of 

integrin β6 and CXCL10.

The relationships between Scribble and FPC remain to be elucidated, but hypothetically, 

they may depend on their direct physical interaction or alternatively, on the presence of 

shared signaling pathways. Currently, little is known regarding the regulators of Scribble. 

CHF cholangiocytes, as demonstrated in PCK rat, are characterized by low intracellular 

concentrations of Ca2+ and augmented cAMP, resulting in increased proliferation (44,45). 

Deregulation of intracellular Ca2+ fluxes, could be one of the mechanisms that regulate FPC-

Scribble interactions, but to date there are no data on this. Scribble can also be influenced 

by the presence of two complexes (Crumbs and Par) (46). However, the mechanisms that 

link the interaction between these factors are still far to be fully understood. While these 

speculations are worthy to be explored, our results are consistent with the following working 

model (Figure 8), in which, we hypothesize that a functional interaction between PKHD1 

and Scribble. In cholangiocytes, Scribble, localized at the adherent junctions, retains 

YAP/TAZ into the cytoplasm in an inactive state. When fibrocystin is defective, Scribble 

detaches from the proper membranous site, thereby allowing YAP/TAZ to dephosphorylate, 

leave the β-catenin destruction complex and enter the nucleus (33). Once nuclearized, 

β-catenin together with YAP/TAZ, activates transcriptional programs generating a range 

of fibrogenic and inflammatory mediators (CTGF, integrin αVβ6, CXCL1 and CXCL10). 

Whereas a cooperation between YAP and β-catenin to stimulate cell proliferation in 

tumors has been well documented (47,48), their joint efforts in instructing cholangiocytes 

to gain pro-inflammatory and pro-fibrogenic functions represents a novel observation of 

potential translational consequences. Indeed, genetic deletion of β-catenin in cholangiocytes 

of Pkhd1del4/del4 mice showed a significant decrease in cyst growth, inflammation and 

fibrosis. The decrease in the extent of these biliary lesions is the absence of β-catenin, 

as nYAP was preserved. Inhibition of β-catenin signaling is responsible for a lower local 

concentration of β-catenin-dependent profibrotic chemokines around the biliary structures 

resulting in a reduction of the pericystic inflammatory infiltrate. In turn, the reduced number 

of inflammatory cells account for a diminished secretion of cytokines trophic for the biliary 

epithelium, with a consequent reduction in the size of the cysts paralleled by a reduced 

deposition of fibrosis (49,50).

As fibropolycystic conditions represent a risk factor for cholangiocarcinoma, further studies 

should address if these mechanisms may have an oncogenic potential in cholangiocytes 

with FPC deficiency (3,51). If so, the Scribble/YAP-TAZ/β-catenin pathway may become 

promising target not only for fibropolycystic conditions, but also for biliary tract cancers 

(52).
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations:

CHF congenital hepatic fibrosis

CD Caroli disease

PKHD1 polycystic kidney and hepatic disease 1

FPC fibrocystin/polyductin

CXCL chemokine (C-X-C motif) ligand

TGF-β1 transforming growth factor β1

YAP Yes-associated protein

nYAP nuclear Yes-associated protein

TAZ transcriptional coactivator with PDZ-binding motif

nTAZ nuclear transcriptional coactivator with PDZ-binding motif

PCP planar cell polarity

TEADs transcriptional enhanced associate domains

TCF/LEF T-cell factor/lymphoid enhancer-binding factor

SCRIB Scribble

WT wild type

Dob Dobutamine

Y Y27632

Lat A Latrunculin A

VP Verteporfin

OARS Office of Animal Research Support

CTGF Connective tissue growth factor

K19 keratin 19
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DAB 3,3-diaminobenzedine tetrahydrochloride, PFA, paraformaldehyde

PBS Phosphate-buffered saline

BSA bovine serum albumin

HRP horseradish peroxidase

SDS Sodium Dodecyl Sulphate

TBS Tris-buffered saline

RFA relative fluorescence analysis

ZO-1 zonula occludens-1

DAPI 4’,6-diamidino-2-phenylindole

siRNA small interfering RNA

ANOVA Analysis of Variance

ARPKD autosomal recessive polycystic kidney disease
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Figure 1. In Pkhd1del4/del4 mice expression of nYAP and nTAZ in biliary cysts increases over 
time on the contrary to Scribble.
(A) Representative micrographs of WT mice at 6 months and Pkhd1del4/del4 mice at different 

ages showing nuclear expression of YAP (nYAP) and TAZ (nTAZ), and of Scribble; nYAP 

and nTAZ were increased in biliary cysts of Pkhd1del4/del4 mice through all the different 

ages (1, 3, 6, 9, and 12 months). On the other hand, Scribble was expressed at cell-cell 

junctions in WT, whereas its expression was nearly absent in mutated mice at all ages. (B) 

Computer-assisted morphometric analysis of nYAP and nTAZ showed increased expression 

of both proteins in biliary cysts in Pkhd1del4/del4 at 1, 3, 6, 9, and 12 months vs WT. Scale 

bar: 100μm, insets: 25μm; *p<0.05 vs WT, and **p<0.01 vs WT using two-tail t test, n=4 

each.
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Figure 2. In Pkhd1del4/del4 mice, CTGF and Sirius Red expression increases over the time of the 
disease and correlates with both nYAP and nTAZ immunoreactivity.
Representative micrographs showing CTGF expression (A) and fibrosis distribution (Sirius 

Red staining) (B) in WT at 6 month and Pkhd1del4/del4 mice at different ages (1, 3, 6, 9, 

and 12 months). By computer-assisted morphological analysis, expression of CTGF (A) and 

extent of fibrosis (B) increased in a time-dependent fashion in slides of Pkhd1del4/del4 mice 

starting from 3 and 6 months, respectively. (C) Extent of CTGF and Sirius Red correlated 

one with each other, and with both nYAP and nTAZ expression. Scale bar: 200μm, inset: 

50μm; *p<0.05 vs WT, and **p<0.01 vs WT using two-tail t test, n=4 each. Correlation was 

calculated by Pearson’s test.
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Figure 3. Cholangiocytes from Pkhd1del4/del4 mice harbor nYAP and nTAZ expression, an effect 
reduced by treatments with different chemical inhibitors.
(A) Representative images used for the relative fluorescence analysis. Following 

immunofluorescence for YAP/TAZ (red) and K19 (green, biliary marker), two orthogonal 

lines, centered on the nucleus, were traced, to generate a plot measuring the relative intensity 

of the tree channels (red = YAP, green = K19, blue = DAPI). For each traced line, the 

highest peak of intensity for the red channel intersecting the blue area was calculated. (B, C) 

In Pkhd1del4/del4 cholangiocytes, constitutive expression of nYAP and nTAZ was abrogated 

by treatment with Dob, Lat A and Y, but not with VP; in WT cholangiocytes, nYAP 

and nTAZ were noticeably reduced compared with mutated cells. (D, E) Representative 

images showing the effects of the different inhibitors on YAP/TAZ nuclear expression (red), 

assessed by relative fluorescence intensity analysis. Scale bar: 100μm; ##p<0.01 vs WT, 

*p<0.05 vs Pkhd1del4/del ctrl, and **p<0.01 vs Pkhd1del4/del ctrl using one-way ANOVA test, 

n=4.
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Figure 4. Chemical inhibition of YAP/TAZ modulates β-catenin nuclear expression, in 
Pkhd1del4/del4 cholangiocytes.
Protein expression of YAP, TAZ and β-catenin were assessed by Western blot in nuclear 

cell fractions. (A) Nuclear expression of β-catenin was significantly higher in Pkhd1del4/del4 

compared with WT cholangiocytes. Treatment with Dob and Y significantly reduced the 

nuclear expression of β-catenin in Pkhd1del4/del4 cells, indicating a YAP-dependence of 

β-catenin expression. Conversely, in Pkhd1del4/del4 cholangiocytes, nuclear expression of 

both YAP (B) and TAZ (C) were not abrogated by β-catenin suppression with ICG-001. 
#p<0.05 vs WT, ##p<0.01 vs WT, ###p<0.001 vs WT, ***p<0.001 vs Pkhd1del4/del ctrl using 

one-way ANOVA test, n=3 to 4.
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Figure 5. In Pkhd1del4/del4 cholangiocytes, Scribble expression at the membrane is reduced 
compared with WT cells, and in WT cells, its inhibition by siRNA induces YAP and TAZ 
nuclearization.
(A) In WT cholangiocytes, Scribble (green) showed the proper expression at the cell 

junctions, as demonstrated by its co-localization (yellow) with ZO-1 (red, tight junction 

marker), in contrast with Pkhd1del4/del4 cholangiocytes that lacked Scribble. (B) These data 

were also confirmed by WB analysis of membrane fraction from WT and Pkhd1del4/del4 

cells. Na+/K+ ATPase served as normalizing protein for membranes. (C) WT biliary cells 

with siRNA-mediated silencing of Scribble, showed YAP and TAZ (red) accumulation in the 

nucleus in conjunction with loss of Scribble membrane expression as showed by IF staining 

and by plots of relative fluorescence analysis for nYAP and nTAZ (n=3 each). Phalloidin 

(green) was used to highlight the morphology of the cytoskeleton. (D) CTGF expression, 

a known downstream effector of YAP, was up-regulated following genetic inhibition of 

Scribble (siSCRIB), as respect to untreated controls (Ctrl) and Scramble, consistent with a 

constitutive inhibitory tone exerted by Scribble on YAP signaling (n=3). (E) Notably, in WT 

cells, siSCRIB treatment induced nuclear accumulation of β-catenin, showing a dependence 

of its nuclear shuttling with the presence at membrane of Scribble (n=5). Scale bar: 50μm; 
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#p<0.05 vs ctrl, p##<0.01 vs ctrl and ###p<0.001 vs ctrl, and *p<0.05 WT or vs scramble 

using one-way ANOVA test.
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Figure 6. Chemical and genetic manipulation of the YAP/Scribble pathway modulates the 
expression of pro-inflammatory mediators in Pkhd1del4/del4 and WT cholangiocytes.
(A) YAP inhibition abolished the constitutive increased expression of CTGF, β6 integrin, 

CXCL1 and CXCL10 of Pkhd1del4/del4 compared with WT cholangiocytes. (B) On the 

other hand, genetic silencing of Scribble in WT cholangiocytes induced the up-regulation of 

CTGF, β6 and CXCL10. #p<0.05 vs WT, ##p<0.01 vs WT, ###p<0.001 vs WT, *p<0.05 vs 

Pkhd1del4/del ctrl, **p<0.01 vs Pkhd1del4/del ctrl, ^p<0.05 vs ctrls using one-way ANOVA 

test, n=4 to 7.

Fabris et al. Page 24

FASEB J. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. In Pkhd1del4/del4/β-cat cKO mice, cyst size, inflammatory infiltrate and fibrosis 
deposition are reduced as respect to Pkhd1del4/del4 controls.
(A) Representative micrographs of Pkhd1del4/del4 and Pkhd1del4/del4/β-cat cKO mice 

confirming the absence of β-catenin expression in Pkhd1del4/del4/β-cat cKO mice and 

accumulation of nYAP in both mouse models. Pkhd1del4/del4/β-cat cKO showed a significant 

reduction in the extent of K19 (cholangiocytes), CD45 (inflammatory infiltrate), and Sirius 

Red (fibrosis deposition) as compared to Pkhd1del4/del4 mice. (B-D) These data were 

confirmed by computer-assisted morphometric analysis. Scale bar: 200μm, insets: 50μm; 

*p<0.05 vs Pkhd1del4/del4, **p<0.01 vs Pkhd1del4/del4 using two-tail t test.

Fabris et al. Page 25

FASEB J. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Working model illustrating the pathogenetic mechanism dependent on the interplay 
between Scribble/YAP/β-catenin in conditions of FPC deficiency.
In normal cholangiocytes, Scribble retains YAP into the cytoplasm in a phosphorylated 

and inactive state. YAP, as a part of the β-catenin destruction complex, binds β-catenin, 

impeding its release and consequent nuclear translocation. In CHF, defects in FPC interfere 

with Scribble/YAP interaction, with consequent YAP dephosphorylation that leads, on the 

one side, to the nuclear migration of YAP and on the other, to the release of β-catenin from 

the destruction complex, enabling it to enter the nucleus together with YAP. Once in the 

nucleus, YAP and β-catenin activate their own transcriptional programs, which govern the 

typical fibroinflammatory reaction displayed by FPC-defective cholangiocytes. Chemokines 

and growth factors (CXCL1, CXCL10 and CTGF) are richly secreted and integrin αVβ6, 

the local activator of TGF-β, is strongly up-regulated, with recruitment of macrophages and 

activation of myofibroblasts.
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